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BOUNDARY-LAYER DISPLACEMENT EFFECTS IN AIR AT MACH NUMBERS OF

6.8 AND 9.6t

By MTT(+IIEL I[. BEwrm_xf

SUMMARY / _'_'

.l[_a,_'_u'cmc al,_' _tre pre,wv_D_d for pre,vxurc g/'a-

dienL." it.luc_'d b 9 a htmin_r (_o_ndarff laq_r .a a,

flat plate h_ _Hr a_ a .lIctch i_umber .f t)._; uml f.r the

drag _Lf thin 'wingx at q, .lfach number of almul (;.8

OIH[ 2(1'0 <ll_t][C o.f (_[ltt, C_', "['It4' ])l'e,_,_,'tlfC 'tltP(I,_¢l,tt'(7 -

mctd,v (tt a, 3[ach _umbcr of 9.G .w_:re m_tde h_ IDa:

pr_._cc, oj" ._t,b,_l_tJdi_U h_al tral_._'.l_;r from th_.:

bound_u'!l ICql_r i. the plate ,_urfitcc. TDc m_<txn,rcd

ln'cx,_'urc di,_'lritmlbm .n IDc ,_ur, fm'_: .f lhc p/.le tra._"

)n'_diehd wild 9..d _/cc!lrac9 t_y (Z m.diticati, mt.

i_,_!Ual_d-ldat_, di,_pktcem_l th_.r!l which .Ih,_v,_

for thee _jf_ct .f lhe Deaf h'an,_:hr (tud hmp_rot_re

9radi_sd 1I/OIi[/ the ,s'itl'fof'( OD t/tf b_mndarff-/aff_r

dixp/acrn_cM ID /c]_'_, x,_'.

The total Jrag of lh/n m/nft._" m/ID ._'qu#re and d,.lla

p/an .for.nix w_r,. m _¢tx Ill't</at _z nom {/t<l/ _'}[_c]t It _z_bc_'

of U.A' .mr (t r_:_tx.tt_tbl!/ _vh/_ /'antic vF ]le!l_tO/d._

than can h_ _,_Tdai_ed b!l rutdit_ff a cla._'sical mtlm oj"

hrminar ,Jc{u fricti_,u [,, U,c e,_'t/moh'd tn'c..'._rc drag.

T/. d_ifhc_c< i,.', i., 9rtH.ra[, _aT_/a/ued t)!/ ih_ 'h_-

ec_t,_'_ hi xl,'it_ j)'icli._i (20 to .}0 perc_d) caux_;d h!t

_he tmu mlarfl-/a!pv'-imluced prc,s,_'ure._.

INTRODU('TION

The' c.,isidl'rahh' dislori,icm of l, ll_, flmv fMd

about l)lal.' sm'fac_,s or _h'miev hodies ia hyp_,r-

soni<_ flow din' Io lloun_hwy-layer disl)lacmm'nt

ell'eels is now _vel[ knowll qualilalively. This

pl.,mml_'noli is Ii resull of the low mas,_ inv_,h'_'d

in lamitmr btmmlary-ho_'r flow lind can ll_'lli_,_,<_

eonsiderabh' importance at, high Xla(:h lllll|lbPl'S

and low t{%'nohls mmdwrs. "l'h,, mosl readily

t:4utlel>_.,h.s NAC't Tel'hniu:d Note 4133 h$ .\lit(!h_'l Jl. 1_'I11'_II1_ lt!_

_4_sm'vahh, resuh of lhe lW('sence of lhe bmmdurv

laver is _l hwal increase in sul'faee pressure whicl_

al)penrs in ('onjundion wilh an illcrease in sl,:iil

fridion and hel_,t transfer. A _.otlsid_,rahh, tm_ly

of qmmtilalive lheoreii('al evalmiiions of this

_'lt'_'d is nmv avaihd)h,. These solulions m'e eoli-

.'_,rm'd mainly with ttw sharl_-h,a.lin_-ed_e prob-

h,m lll.l cml b_' c.ilsidm'_'d 1. fMl ihlt_ l,x,i ch_s_,,s,

i.ter_lclioti" solulions. EXlm,Sse_l nltl.,r simply,

lhe u eak-i_lleracliotl regime is _llc in which l l,e

s,,lf-imlu_'ed lm'Ssim' gra,lien( does llot have uli

imt)orinnl, effed ml lhe tmumhu'v-hD'er grmvlh.

"wherells ill l.he slronv-inlm'auliml I'egitne ]ai'Ve

in,luce_l ]m'ss,],'_,s (w_'ur whiH_ _I{_ Imv_' m_ im-

I)ortanl ell'eel ()11 lhe ho_lil_liu'v-laver vrowlh alil{
iie('e,_sillile (_oii.,<iderlllhin of Ilie niillUlt] iiil(,raclioii

]letw(,(,ii 1}i¢ }t_,tlili(ttiry lliyer ltli<] lhe l)otlil(Ini'v-

]liyer-in(hicl'(I tli'('_stire grlldh'nl._.

The t)lil'ltnloler wJiieh lmsic,iliv deleriniiies Iiie

rt'7'iOli hi whiuli inlel'll('ti(lli ell'ecis ('fill tie iini)Ol'lalll,

Wil_ [ii'._t. 7i\'en tlv l,l'e_ lilid l>i'oh_lein (ref. 1;,.

Tili_ ]:llirliineler lli],;(,_ Jiito a('('Oliill Macii illlllll;ler,

]{('3llO]{]s lllllll})('i'_ I1/1{1 i('ili[)ol'illlll'(' ]l,Vl']. of i}ll'
exlei'llli] slrl'lilll. O1}1!'1' evliilllilioli,'-J Of l}1{' WOI/iC-

'/lid _ll'oll_'-ilil('rilelioli t'<'_i_lli_ Jill.v(' hi>eli ll]lt{[e }iS

]lerl_"Ulll, _]leli, 1,i lind XllgltllllllSli, SleWill'ISoii,

IA'(','4, ](ll(I, Itlll[ l>lii 1111(t _111'11 (i'efs. 2 tO _.}).

The expcrimenllil work ill air has heell mainly

suptilied hy Berlrnin for li X[lteh litlllli)el' of ti.(l

(i'efs. 2 ilill[ lll) il.ll([ |_,l,ildllll fl>l' li X|II('.h llllll/t)l,v

of 5.S (l'_,f. 11). The liitiili drawlm,'k lo lliis dlilll

lil]':.t'll ill ilil' [lll_ })O(ql I,]111{ (illi%" lhc lower ('lid ()i'

flit' I'allg't! in whicil llie sl'll'-induced eft'l,('t_ bec'lmlc

iinilm'titlit, hlls l)el.qi exjllore(I. The dnlll wiih'}l



2 TECHNICAL REPORT R-22 NATIONAL AERONAUTICS ANI) SPACE ADMINISTRATION

have b(,(,n obtained in helium by Bogdonoff and

tlammitt at the Princeton tMimn hypersonic

tunnel (.refs. 12 and 13) cover a range in which tim

self-induced effects van be of major importance.

Most of these helium data, however, include a

considerable h,ading-l,(|ge-l)hmtn(,ss tql'(,ct which

makes difficult th(, comparison with viscous-

int eraction theory.

Among tit(' t)otmdary-lay('r-induccd effects are

the pressure gra(Iient induee(l by the |)rest,nee of
the boundary layer and tit(' increase in skin

friction asst)eiated with this ill(hlc('({ l)rt,ssltr('

gradient. With the r(,cent availability of a nomi-

nal Math number I0 nozzle for tlt(' Imngley l l-

inch hypersonic tumwl there was the possibility

,)f considend)ly ext(,n([ing the range of the inter-
action dala ill all'. This nozzle has be('n utilized

to obtain new lneasurenwnts of the boun(lm T-

layer-induced pressur(,s, although h(,at transfer
from the boundary layer to the lllo(lt'l is l)resmit

in these experimental results. These measure-

lll(,IttS aft) presented in this report, together with

tn(_flSlll'('lll('lllS of the total ([rag at zero lift <)f

wings with thin square anti delta plan forms in
the nominal Math numbor 7 nozzle of tho 11-inch

hyp(,rsoni(' turin(,]. These total-drag m(,asm'c-
m(,nts are utilized to obtain an indication of the

itle.reas(,d skill ft'i('tion thai can he '_scvib('d tt) the

induc(,d pressure fi,'l(l.

SYMBOI, S

.1

_F

(It_ b"

constant in l_lasius formula for skin

frict ion

fi'aetion of root chord of delta win_z
skin-fril'tion constants in viscous-|nit,r-

action i heory

second virial coeflieient in equation of

state for imperfect gas

b wing semispan

( ' --m/l'o_,/g_ "I',_

(', l) (!OtlstaHls in I)OW('V formuhts for turbu-

lent skin fri(qion in al)p(,n(lix 1) ((,(is.

(I)12) and (DI4))
t', = u,o'l',lu, T,_

(',,., wart,- or l)ressur(,-drag ('o(,Ilici(,nt at

z(,ro angle of atta(,k

t'D.r total drag (,oelTteient at zero angle of
a t taek

(',._ leading-(,dge drag ('o(,tfiei(,nt l)as(,d oil

witlg a l'(qt

(7_ art,rage skin-friction (h'ag coefficient

('r art,rage skin-friction drag coettieient

without disl)la(.l,m(,nt elleel

() local skin-friction drag eoetli('ient

('/ local skin-friclion drag eol,fllci(,nt with-

out displacentent effect

('_,, ..... pitot l)ressure ('oeflicient

('v,_ average l)r('ssure (:o(,ffiei(,nt ovm' l('a(l-

ing edge of wing
c local chord

effl,ctive chord of a wing for the (h,t(,r-

ruination of average sldn friction (see

at)l)mMix l), eq. (I)1))

Ac length of sting (:ontain(,d within the

wing plan form (tig. 3)
G root, chor([

d sting (hickn('ss (fig. 3)

P'=--0.14(.)(V--1) (V+ 1)

J" length of sting base tlar(, (fig. 3)

y length of sting outside of wing pl'm

form (tig. 3)

I£ coefli(d(,nt in (,(luati_m (13)

L l)lale h,ngt h
3[ Mad) numb(,r

m 'll, q reciprocals of exponenls in power laws

for skin friction in appendix D

.N\-,, Kmuls(,n mmd>(,r,

Mohwuhu' m(um fr(,(, path

l,(,ading-(,dg(, (hi(.km,ss

A',,_ l>ran(I tl n umi)(,r

],_ pr(,sslt t'(!

1'_ critical pressure ()f gas

Po' total pressure measured t)y pitot, tube

1: R('ynohls number t)ased on undisturbed
fre(,-streflnt conditions

L) gas constant

IQ R(,ynohls mmil)(,r with root _:ll_)r'(| of

d(qta wing as (.harat'((wistic length

lit R(,ynohls numl)ev for transition based

on distance from h,a(ling edge in
free-st ream direction

ll, R(,ynohls mmd)er with leading-edge

thickness as (:hava('leristi(. length
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/,'_ Reynolds number wilh x as ('haract, er-

istic length

* local lateral dim(,nsion of plate or wing
from center line

T absolu( e temperatur(!

T_ critical temperature of gas

T2>,_ static temperature for constant, value

of -y

t hmding-(,dge thi('kness

u velo('ity

N, )',Z xlozzb, coordimii(,s (fig. 1)

J_ longitudinal disi.atl('(, from leadilig (,dgo,

of plat(,

y disl_m('(, measur<,d laiel'a]ly oN model
from c(,nt(,r lira,

_ allgh, of a I Iack

Suih(,rlaml consiant

_, ratio of st)eeifi(, boat at, ('onshmt ])l'OS-
sure to that at ('onst,ant volume

6 boundary-layor thi(.kness

5_ boundary-htyer disl)laccm(mt thi(q_ness

senfial)(,x augh, of della wings

# dymmfie viscosity

p _as density

viscous-inl orax',lion paraniel(,l'

_c_ viscous-inleraciion pavam(q m' with
Reynolds lmmber based (>tl root

choM of (Mta wing

,o exponent, ia power law for vis<'osit v

Subs('ripts :

, recovery conditions
ip_,' insulated wall

iI supply condilions
Du'b turbulent flow

,' wM1

1 edg(; of boundar 3" layer"

a delta wing
oo fl'O0 SIl'Palll

Superscript:

* ratio of conditions taking variaiion in "7
into a ccomlt to ('onditions with constant "r

APPARATUS AND METHODS

TUNNEL AND NOZZLES

The investigation was conducted in the Lang|oy

l 1-inch hypci'sonic tunnel, which operates inter-
lnitienlly. Tliree different, nozzles wore used

(luring the tesis: 2 lwo-(limensional nozzles, each

of whicl`i provided a Maeh llunlber of slightly
less than 7, and a three-,limensional nozzle with
which l_ _,lil, c|l number close to 10 could be ob-

taillod. Tho. first, two-diniensionlll nozzle had

ColllOIll'S iIlat, hil`iO(l fFOlll steel arl(1 yeas repla.('ed

after the test ]`irogi'alil had started by it nozzle

}ilLving conloui's ('OliStrti(_lod ()_ Iiivllr. lnvnr

was used for t,lio eoi`iiOtli" p|alos of the so('Olid

nozz]o bi_('iillSe t.ilern`ial gi'adhq`ils in t,he IiOZZ]e

bh)cks caused o})joel.ional)le deflection of l.tie
tlrsl ll`iiliillllllil of tim slool nozzle. In addition,

Ill(, [llViil' nozzle wiI.S (l(,sig'li(_(| s(( lhM pressul'o

gl'adi(,nls ilOl'mal to the hol'izoiila| plane (if SVlil-

inlqry wore lliinili`iizo(1. The ihree-dinlensional

nozzle ]nM a Sqtlaro l(,sl se(.l ion and firsl, lnilliinuni,

lliough lloWhol'O (,lso wiis |tie cross section sqtlal'e.

This d(,sign illlows lhe illstllUat.i(lll of (_ol`iveliliollnl

sohli(,ren win(lows an(l re(lu('os lhe possit)iliiy of

iiwurrin 7 lhe l`ixisynlnlelri(' iinperfeet.ions at tim

wall llnlt li`iight. (t(.Olll" in a eir('ular nozzle illl(|

which would i(!nd lo focus along Lho axis (if ilw
llozzlo.

A dos(q'iption of the tliilll('| slay I)o found ill

rofei'ellVO 14 a.lll] a descriplion of the shq,1 llozzh"

and il ea]il>i'al.ion at a slagnaiion |)l'()sSiIl'l, of 25

al.niosp}iores (li) pel' inc}i--Oaf),000) in refei'ence
15. A(l(liiionlll (_ll.litn'llti(in daia for the s/eel

nozzle and sonic (,alil)ralion dala for tho Invar

nozzle are ('oniaiilccl in reference 16. Figure 1

])resents some of the caliliration dala otitained
in ltie t.lir(,e-din`iensiona| Ii()zz[t,.

Mom_LS AND S_ePORTS

Of Lile WiligS invost.igatl,d, lwo had squilre t)hln

fl)l'lllS (fig. 2) a,ll([ lhe rest wore a family ('if (h,tta
wings wilh symmetrical double-wedge sections, a

thicMless ratio of 2}_ percent, a,nd semiapex angh,s

wu'ying from 30 ° to S°. Tho surfac(,s were ground

and lhe leading edges were froni 0.001 to 0.002

inch t.hi(:k. The designalions of ltlese wings alia

their dimensions and sting dinwnsions al'o shown

]I1 figlll'O ',/.

For the Inl,aslll'(_nlelil, of Sllrfaco |)rpSSlll'i,s l lie

model shown in figUl'e 4 WaS USed. Tills nlodel

was also equippod with tliorii`ioeouplos for llie
det(q'nlinalion of skin t01ilp('i'atAIFe. The loading-

edge thickness of this model was closo i.o 0.0005
hleii.



"I'E('HNI(,AL I{EP()I{T 1{ '22 NATI()NAL AER()NAUTI(TS ANI) SPACE AI)MINISTI¢ATION

X'_f CO0rd_nofe

system ot center

O[ .test seQtlon ....

3.2 . ,-.<>, _- -

Do2 t ...... J-
t

16, . . [ . . . 1 t [ , . _
x:Z:O X:K:O O

Hor_zontol d_stance, _ m VerhcoI distonce, Z, m.
34 xlO "6 • . • , • T " I " " • r - T q_ ' •

[ " _ 1 ' *-1 * I r -_ + "{

26: • . y:z__O_ . . I txir_=z_
-12 -8 -4 0 4 1,100 1,200 1,300

X, in TO, OF

M

]9.6
9.7

I"H;LRI': [.

M
9.6
97

t:T[,sstnr{. [list rihut ion_ in t h[, t hr['['-dim(m:4,L}]ml

II()ZZ}( _ .

INSTIiI!MENTATION

'l'h{, .h'a_ of lh{_ wing mo{lc]s was in,t,aSl.ll'e(I witl_

a tv,t)-_'_)ml)tmi,nl straiB-gag(, halam,(,. This h_l-
_111('(' is lt'llll){Wdtlll'i' (.(Unl)(,nsat(,d and its st,nsi-

tivil",- h) m.,v(,n h{,.ling ha_ h_,{,n r{,_h.,{,(I t.

t(_h,rnhh, limit._ hv shi_,ldin,.,, and insulali{m. FoP

a morP ,'Oml)h'l_' d{,s('ril}tio, of tilis I}alan(_4, s{,(,

z'(.f(,n,n('q, 1"7.wh{,n, it is designat{,d as l lH, "s{,nsil ivy,
1W()-('()lnl)(Hl{'lll fol'('{, ])lt]ltll(-(,. "_

'['h[' I):_s_,pri,ssm'{, for u_{' wilh thP sting {.orr{,(.-

ti_m._ l- llw whL_ l'or(.{, m(,a_ur(,m{,uls aml the

surt'a(,{, i}r_,_sun,s flu' Ih{, m.d{,l show_ i. ligun, 4
w{,u'{, zm,asur{,d hv mPans of lh(' am,roi{I-tyl)P six-

c_,ll r{,c.r_li.g unit {l_,s_'_'il}{,{I i. r{,t'_,n,n{.(, 14. Th(,

stagnalio_ IH'_,NsIII'{ , was ttt('_lStll'<'{I whh B<)t,,',h,t,

,,_t_.{[,'"nwhl_ :ttt tt('{'m'a{'v of ah()ut <m{,-halt' {,t' I

i),'r('i'nl.
NIrltFA('E-FILM FL()W SI'[_I)IEN

Nurt'a('{, ttmv studi{,s {d' th{, S(lUar_,-t}h_n-f()rnl
•wh_{...,sand wings :L 4 t}. ,'lml 4 (_ w(,r{, ma{h, hv

l)hot{)gra )hiILg lira t}att(,rhs Illlllt(' hv Ntl'('tlllling

/r_ll)hit{' an{I flu{)r{,s(.ing min(,rnl oil un{h,r ultrn-

•<i.h't li_zhl duri.g _ run. Th{, win_s w{,n, {:{}at{'(l

wilh SAE :}{) luhri(']_lin{.z oil h(,f{.'{, lh{, run 8n{t

4.00 "

"".091

li
ll

" " 50 diarn

- 551

-- | -

1.98

5.95
i

I

-i
I

.200--

.50

i _!
d

A

.. _ 6.7 °

l_J
q F 50 diom.

550
053

I

f 1.66
1.041 !

i-il ' i

I"I{;l'kl,; ..') H{-lq:|r[,-])l:ln-fl)l'ln v,in_:_. ])itmmsi*m_

in('h[,s.

i
½

:1 r'(' ill

._m{.ras w_'rc {'quil}p{'{I wilh suitahl{' filt('r_ 1{,
t}h(}l{)gr.l}t_ ti., thmr(,s{'ing oil I(} h{,_t adva_la,_{,.

TUNNEL (TONI)ITI()NS

l?ol ' th{, for('{, ({'sis of th{' wings _t a ._Ia{4_

Illllll}}{'l" ]1('i1£ _ Ill{' illtltl('I w{ls ol){,l'tll{,(I Ill ,'1

stagnalim_ tt,ml}(,ratur(, m,etP 1,130 ° l{, and fop the

squar{,-l}lan-form wings it was ol){,ral{,(I through a

sl _grua tiOl]-t)r{,ssu z'{,raw,g{, ['rozn 7 t{) 89 a I m{,sl}l.,r(,s
(yell h l{{'vnohts numl}_,r f}('r in(:h in lh{, rm_g_, fr{,m

().(}8_<](P; lo 0.-I;:I),':::ltP). (!alihrali{ms of th{,._{_

l}{'r in{'h in lhP lesl r_ng{,. I"{H" {'X,ml)h'. at
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i i

....... .._ -+- .50 d_om.

i
!

Ac..L g

Wing
d{!si_-
nation

!

a j

4 A

J
Semi:q)cx ) l{oot Sp:tn,

:m}_l% ('lmr(I, m.

(h'g [ in.

3O

20

13

8

s ,l

1. 363

5. 495

{;. 900

7. 021

I& 0-t2

I.l. o 12

1-I, (I-12

5. 038

4. l)00

3. I SB

1. 97+1

3. 9.I7

:_. 9.I7

3. 917

Ar{m, Aspect
_q in. rat io

i
i

10. 99 J 2. 30!t

}0. 99 ) 1.451_

I0.99 i 0. I)24

6. 93 i 0. 562
. . [

:27. 71 0. 562

27. 71 O. 562
- " I ......

i

1

27. 71 O+ ,582
J

Si i,g dim.'n,-iu,s

.f, d,
in. in.

i
1. 23 J (I, 091

' ' ' " i

]. _.', I o.(m_

1.26 11. I)!)2 )

1. 3S 0. 146
i

1. S2 0. 217
..... i

!

1. _2 (I.217

I

I. 82 (}. 217

....... J ......

in. in.

• .... i

1. 70 "2. 36
I

--I .....

1. 76 ! 2. '/;t; i
f

I. 7"2 J '2.-12

1. 90 [ ') -lll
/

Ii. Oi t 1. S2 "

3. {}3 , 1. _2 ,

.... I J

2. 87 I. ,'42 ;
I

l"I(;I ire :{. l)ell:t win_s.

]G,yu{}l(ls numl}ers p{,r itwh of ().(I,_, ().14, (}.2(},

0.26, and 0.40 (>(I(P _) the ('orrcsl)On{Iing Ma('h

]mmb{_rs are B.67, {1.77, 6.82, 6.86, and 6.90.

For lhe d(,tcrmination of l}r('ssur(' (listl'il)uliotts

in tim thrt'c-dimt,nsional nozzh, the stagmltion

tcznl)t'rature was ('lose to 1,800 ° R and the fiat

surfac{, of the l}rcssurt' rood{4 (fig. 4) was lo(,ate<t

paralh,l to the £}'-]}1111)0 <)f tile ]Iozzle at Z=:!_

inrh, with lit{, h,a(litt_ {'dg<' at +V --2 it.+h<,s
(fig. 1'}. "[']m st,tgtmtion 1}ressur{ ` was varied

|;]11'OI1_}1 l}l{' limit(,d ra.ng(, from 31 to 4(i almos-

I)hort's (with I{(,VllOJ(ls Iltllll])iq" [)(,r itl(.}l frOill

{).(}75_410 ++to I).ll2"Z,I() +_wht,n the vnrialion in ",/ is
take]_ into a(.(.om_t). ']']w NIa(+}_ number in Ibis

nozzh, (tilz. [} is al}out 9.(i if ('aIorir imp(, 'fe .lions

(variab]e -y) ripe l]_k{,n imo a{'rounl (ref. ]X).

PRECISION OF DATA

For t l}c force data obtained i, Ih(,Math mtml)m'

7 nozzles, random errors ill (,.oeffici{,nls aris{, mainly

in rt'adi,g att{l re(.ording l)ahm<.c fore{,s and stag-
llll|}OIl i)r(,ssnres, W}lt,l'(Itls t}l(+ s()lll'c( + of syst(qn+/li(-

(,]'t't)t's is nmhdy in llw pos,_il)ility of an itmorrc(.t
tlsst,ssnlettt, of ,XItt('}t llUItll)tq' _lll(I the {'I']'Oct, of the

sling pr(,ssm'e ti<,ld on th<' wing Th{' 1}()ssible

(,rror r{,sultit_g from errors in X[a('h numl}{,r

dct t,rlnination is small in COml)nrison with t lm

p<}ssibh+ rat.lore errors, }wing a}}()ttt <,n<,-half of
l [)('rct,nL of the ('o(,[[h:i(,llt -¢a[tws tit I{(,vtmhls

m]ml},,rs t)(,r i]]ch greater limb about 200.000 aml

risin_ t{} t)(,rlmps 0.S of 1 p(,r('{,H{ lu'h}w this value.

Th{, nmximum i)()ssil)[(, errors in drug ('o(,fli('icnb

(A(%) <lu{.' lo rand,)m t'_wt >rs, im:h]{li})g slim.'
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corrections, are as follows (Reynolds number is

based on root ('llord for the wings with della plan

form)"

......... 1

"Win_ I'hm form, /,' .5,( 'D I

5-ppl'eenl-lhiek Stl_lar _ i 1).:_ : P (I )(I(IT5 [
(if'rotund s_,(.- ! i ,5 . 00(144

lion .9 . (101)2-I
; I .t .0o016

..... ] _

Wectge-Mah- _(luar(_ I 0.5 0. I)I)(1'31
xx'p(|_e sm'lim_ I .9 . ()(l(121

' I.l .00(115

i 2.-t .000l-I

1 Della i 0.7 I(P 0.00(151
1.4 . 110035

i 2.l . 00()27

2 Delta ; 0.9 0. 00047
/ I.-| . 00029

2.1 .00025

l :{ l)eha i 1.6
i 2.7

i ......

i 1.5
i Della ! 2.11

i !2.7

2.6

|-A, I ]'I (-C [)elt:t i 3.0
I -|.()

.l .s
i 5.-i

t

. 0007; I

. [1(1024

0. 0t1(I.|6
• 11(1(136
• 000;12

0. 00023
• 001)20
• (1(1(117

t
• 00(I 1.t
• 001)09
• I|lIll 14

The pressures measured on the flat plate at

.11-=9.6 have a possible error of about '2 percent,
due to inherent instrunaent inaccuracies.

RESULTS AND DISCUSSION

Tttr.Oa_:TWAr CONS_D_RAa'IONS AND COMPAmSON wn'.
PREVIOUS DATA

Tile considerable distortion of the flow field

about plane surfaces or slender bodies in hyl)er-

sonic flows due to botlildary-lli3"er (lispla(,enwl_t
effects is now well known qualitatively. In add(-

lion, a consi(terable body of quantitative theoreti-
cal evMuations of this effect is now available.

These solutions in general fall into two classes: the

so-called "weak interaction" and "strong inter-

action" solutions. Expressed rather simply, lhe
weak-interaction sohition is one in which the self-

induced pressure gradient is assumed not to affect

the boundary-layer growth, whereas in the strong-
interaction sohltion account is taken of the effect

ix=0i

5.99

_i

+ Pressure orifices

x Thermoc0uples

X + X

_-_+++- +-+ ÷
+ @

+ x +
X X +_ ....

j_

i 2.25 --_"
7.00

x:O .11
i

l)res,_ure-t )rifit'e Thermt)couph,
[ ,C)ett (ioils [ ,or!a| (Otis

.c y .r I !/

O. (P,12 () (L 7(i (I.50

089 I. 20 . !)5 .73
161 ,75 l..15 .74
lilt , 59 2. 46 .50
27S .25 3. S,5 .5!1 ,

-t80 .25
737 .12 - -

9_1 .15
1. 482 . O9
I. 9T_ 0

l. i)TS ,50
1. 980 1. _)l)
1. 977 I. 50

') 970 0
:_I !l(i_ ---- . () l

3. 977 .2;5
3. .()76 . 5.1
3. 971 . 91)

]"I(;URE 1. Fhtl-pl.tto |)l'o,,-Sllre an(| |(_Iltl)t:llalllrt! ntodeI.

on (he boundary-htyer growth of the mutual inter-

action 1)etween the boundary layer and the

boundary-lay+er-hiduce(t pressure gradienls. The

paranleler which bash'idly delornlines the region

in v,hicll hiteraation effects Call lie iniporiant was

first given t).v Lees an(| Probslehi (ref. 1). Tiffs

pllralncler is eoinnloll]V designaled ], where

As shown subsequently, the weak-inleraclion

theory for the insulated ease applies in the region

of N from 0 to approximately 1, whereas sirollg-
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interaction theory applies in the region of 2>>l.

A leading edge of infinitesimal thickness is 1)ostu-
lated.

Insulated plate in weak-interaction regime.--

Into the category of weak-interaction solutions

fall the theories formulated by Lees and Probslein

(ref. 1) and Bertram (ref. 2). ]n (erms of the

parameter _ the pressure distribution and skin
friction for the insulated tin( plate are as follows

for hu'ge vah|es of 3I and small flow (letleetions.
The Lees-Probstein solution for pressure dMri-

bution, to the second order, is

-P---- 1+ 0 5.q9"r (7-- 1) 2 + 0.090y

(3'--11 '(v+l)x 2

--P---1 @ ().557v (Y-- 1) _+ 0.077V
P,,

(N,,_ = 1) (1)

(N._= 0.725) (2)

If Bertram's expression for the shape of the

boundary-layer disl)hwement lhickness is trot into

l)ower-series expansion for pressure (withthe the

dS_ )product 3I_ ff small , to corresI)oll(] with lhe

Lees-lq'nl)stein theory, the seeon(I-order resull is

in the resulting equation are evaluated at the local

conditions at the edge of the boumtary layer, the
result is :

v- 1 MASC,,
2.5sa --5- (s)

.V"p; _i,r_

Substituting equation (5) into equation (4) and

utilizing the perfect gas law and the adiabatic rela-

tions between pressure, densily, and temperature

gives for local skin-friction coefficient the expres-
sion

_"l_ .....
O -r_.- 0., 8,_4_,_,/po (6)

v'c'

or, for comparison with the tlat-1)late theory with-

out pressure gradient,

(?

In a fashion similar to that in which equation (6)

was obtained, equation (5) may be written in
terms of undistm'bed fi'ee-stream conditions, and

tbe normalized boundary-layer thickness is

6v"ll ,) 7--1
=_--_.553 _ll 2(p/p_)-l,,_ (8_

,_,,"C _"2

-P-= 1.0.6387(7-- 1)_+0.1027

0,- 1p('r+ 1)V (A,._----1) (0

The differen('e in eoefli('ionts between equations

(1) and (3) arises froln a slight difference in the
boundao--layer thickness values used in the

theories. First-order weak-interaction theory con-

sists of unity l)lus the first terin in _ in equalions

(1) to (3).
A simple expression for the local skin-friction

coefficient is obtained in reference 2 from fiat-plate

theory, for a linear velocity profile in the boundary

layer with no heat transfer:

( ) .... a -- (4)

An expression for _ can be obtained by taking the

result fi'om reference '2 to hypersonic approxima-

tion (after Von Kfirmfin, ref. 19). If the variat)les

As will be seen by comparison with the results of

strong-interaction theory presented subsequently,

equations (6) to (8) will also apply as an approxi-

mation through the strong-interaction regime.

Kuo's closed-form resuhs in reference 8 appar-

ently apl)ly to the weak-interaction region of

plates since, with 3[-+ co, his equation for pressure
distribution is ahnost identical to equation (1).
Kuo's evaluation of local skin-friction coeflicient is

composed of two Ol)l)osing terms. With ,1[-'.,_
the result obtaine(I is

( 'I_,."'R /_)7 ['0.664
L

1 19_ (0.6 _9--0.34_y) (7-- 1) X
" _ .... ..... _=:=:_ + • • • _] (9)--1,_+._ l+(t'_

wher(_

-P= 1+o.59ov(_- 1)_ [_'_ + v F-gV'_#l
P_

503271 59- 2
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Rlld

/,'_ 0. l-t9(3,-- 1} ('-g@ 1 )

Allhmigh eqml.lion 19) indic_ltes _ln inilial increase

in skin friction over lhe no-inlel'aciion ens(, with

increasing _, itte skin friciiou eveutmllly readws li

peak and )hen decreases rapidly.

Insulated plate in strong-interaction regime,

The slrong-imeraciion regime Ires been investi-

g_mli'd by I,,,es (refs. 6 amt 7), Berirnm (ref. 2),

m.I l,i and Nagainaisu (rof. 4). This reghi'le is

chavm'lerizt,d bv a bmmdar3--hlyt'r growth of the

fOl'lll

6_ A' .1I:. _

,,,__' _

for large vtihl(',< of ,/I lin(l _. tSe(,, for exnniph,, p.

261 of ref. 6.) Tin, c|llssicil] tlul-lihih, ]aniinai'-

boundlu'v-hiyer growth used in the wellk-inler-

acli()n so|lilion lo ohlilin the in(hiced-pressur(,
dislrilnll ion is

= oc .1I_ _
,r,_ ('

(, li " 1 ;_"_ "
i'% _i ,.) 9"[ _'7 _,'2

( 'F t y-- _,__= 5,8(i - -
(7, (7-F 1)'"4x

• >)= t'y_l) ly--1

c;. I _-[4 l')-o.ao(i y_+i )(-r-l)7
(,_= :t '- %:v-i/

(r-< :'"<" 5
=- (y-+ 1) (y-- l )/

For the; I,('(,s sirolig-inlera(gion lh(,ory lippli('d

to the insulllted fliil pl'lle (tio following results ill'e

ol)hline(I :

where _/l i_ hu'ge.

Thl' resulls of lhe slrollg-hllprlll:lioii solutions

ll])pl.v, in gl'llVl'lll, for vil|lle_ Ot the illtel'il('tioil
pilrll.nltqel' x illtlVtl gl'elltt, l' liillll 1. Twll llllkill ('s3_ll-().55_it'-'

approaches to (he ._(roug-inierllclion prol)|('In lu'e _, ('

avllihthh'. ()ue approacli is ,.heus a._,_unlplioit

(ref. 31, niter extended by Li lllld Ntlgi/lliatstl _ s:=(I.,_;{._lt'2

(ref. 4l, lhal tim edge of the boundary laver is ('/

illso the sh(wk hiduced tit tit(, botlllllltrv layer.

iau's (ref. '20), hlivll,V('l'; pointed Ollt. lliii( this lip- ('_._'jt 2.20_1. a

lirlili('h is iil('OllSisleiil wiih ihe ('qtlllAion o!" (:(iii- _i ('

iinlliiv lhollgh lhis ilit!tinsisti'ney leads t)nly 1o a. ().
llil]'('l'/qiCe in the ilUllll!l'ivli| flil'l(ir.% ']'lle SPCIIII([ M--|.(i(i_ 1'2

llpproach is (hill. liy I,('('s (r('fs. (i alid 7) and ()'

]lJerlrnnl (ri'f. 2) in whi('h llie edge of lhe I>ounihir3"

1t13"(,1" ((il' the disti|llcenien(thivkness) is tllkl,ii lls

the bolllldlil'y of li liew body. A fill'tiler discussion

of lhese differ(,nee,_ in con('(,pt is given by I,ees ill

I'(' fl'l'lHI (t(' (i.

The results of the |,i-Xligiiiilatsu ilieor.v Inii_N

Im |llil inlo ltie fol|ovl'ing form (for fin inslihlle(i

[liil phi.l('), which is consistent, wilh l,he hyp('rsouic

lipproxinlliiions used in ill(' th(,ory:

-1!-=0.59_{-1i.92 (Firsl or(h,r; 7 7/_'_;?ttrl,t.r- 1) }

_m

P -- () (19__ (Zeroel h order; "_= ')i,> ,:\ s'," 1 )

(i())

If a procedure siniilar to that of ref(,ren('e 4 is

followed, the awwage sl, il_ friction in (lie low _"

range may be (_'vli.|tlaled (that is, (lit' local skiit

friction ill the low ] l%lllgl, is asStlllli,(I. [0 })(' given

by tile Bhisius equalion) [Tsin 7 ],oos nulnericlil

VIIlllPS ((!(t. (11))

(7,
_: 1 t ().(i(,)_ (7<q t .4(; (_2)
(7,

ali(I the ('orrespon(lin 7 (,qulition (11) wouht be
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iak(,n to bold wll(,n _>1.46.

In Bertranl's theory, effects approaching str(in_

interaction (:art bc tul_en into a<_cotntl by an ill,ra-

tion proee(htre li('s(_rit)<,({ ill referen0<' 2. How(,v(,r,
with this mtqho<l liter<, is J)o distinelion b<qw(,tql

strong and weak inl(,raclion, since the itert_ti<lu

proce(htrt, gives tt ('.otttimlous variation li<qw(,_'n

the tw() rcgim<,s. Put and Sh(m (r(,f. 9I I)t'('s<'Nt a

theory in which I)y mttl<.hing the sohttiou to b<lih

lh<, strong- and weal¢-intcructi(m rcgitn<,s, +r result

ix ol/lain<,<t whi('h is also apl:)]ic|fllh' l l/r<mgl_ 1)<)th

l'('gi fliPS.

Shown in figure 5 ,u'c, lhc ])t'PSSllt'(, (listril)uti(tus

giv<,u llv various th_,oril,s for an i|tstdate<l lib<It

wit It _= 7/5, tog(,(h(,r wilh K(,n(lall's <,Xli(,rim<qttal

r(,sulls (r(,f. 11 ) for a /tat 1>talc in tli(,rnt+tl (,quilill-

rhlm in air (surfn<'e t(,n|1i(,/'Ittnr<, (,ss(,ntiallv ('(lual

|0 /'(q'OV(q'V l (qll[)('/'It t I/l'O). Fl'(inl Vtt/'i(Itl+ ('()/i-

si<h,rati<ins, in('ht<Nttg the l(tttt<Ise/t nmtflier and

tit(, (listan(.<, of the first <)/'ifi('(, from tit<, hm<liu_"

(,dgo (in <(,/'ms of h'adiug-<'(Ig<_ lhickn(,ss), the (,[t'(,('l

of lett<linv-<'dV( + lilnntin_' <)n ihesl, l)r<,sstt/'<,+ is

b(,li(,v(,d to tic sntttll. L(,tt<lirt_-(,(l_'(,-thi<+ktt<+_+

(ql'e<'ts at'<' (lis<!tts+(,<l fm'th<'r in tqipcn(lix A. Thl,
cm've f()r l+ertrlttn's tlteorv xv1t_ <'rill'ida<t,(] for

3I i+.(i 1Iv tit(, {(<Titti(+/l ,_('h<,tit<+ <h,s('ril)<'d in

/'(,fet'(,n('(, 2 l)v i/s(, of ist,_lln>l)i<, (,timl)r(,ssi(>ns +t/Ill

COlilillilOtlS V11l'iiltiOltS ill dlY/'d,r. 'l'hott_'h this

Mit,.l_ nmnl)t,r is <'(tnsid<,/'ld)ly high(,r lJltlll 5.S

(h<, <'ttrvt, shotd(t 1)<, alil)li(.i_t)h, l(i lit(, <lalu for

low<'r Mtt('h t/<millers sit/('<+ this ('tit'v<' agl'('tql with

lit(' r<'snlts fr<nn tim it(,rati<in pr(i('ess for +W"+ tL,'-;(;
t)rescnle(| in ref(q't,n<'(, 10 in the t'(,gi<m (lt'x where

th(,v o,c<,rl,lillc(l. Th(, l)r<1<,t,ss of nsitlg" tlt<, r<,sttlt
of It fit':<l iterati()n t(/ start tt s<'('()n<] it<+l'ali<in, anti

SO OII <l(')('S It(it Itp[)OIIF tO ])(+ ('Ott'V(q'_(+lll, llow-

ever, 1iv averaging" l)<,tw<,tm asstnne(l and rt,sulting

t)t+essm'e (]istrii)l+iiot/s for sm.t'essiv(, il<q'aiJ()t+s tile
r<,st/lts <'an I)t, ntluh' (.(inv(,rg<,/tt in tlm t'nttg'(, (iI'x
behr_v alto<it It), +l'h<' s('('<in<l-or(hq • v,'(qtl,:-it(ttq'-

acli<itt tlmot'v f()l' Itir Ulilwltrs (<i It_l'(,o w(dl with
(,xl)(q'inw/tt in the t'ttii_,'e <if X ft't)In lit)tint (! to '2.

The l++('<isstl'otig-iltl(q'a<'li()ll, the 1)ai-Shen, and

the l_<,rtratn tht,()ry tlgl'(,(, w('|l with (+XpOl'ilit('lll

ov<'r the enth'(' rang(, in wbh'}t <,xperhtt(+tttul (luta
+tit'(,availallle ((It) to _'13).

'l'h<' th<,oreti('al hl<.|tl Itnd av(q'itg(, skitt-fri('ti<)ti

(.or, fill.louts for (h(, insulale<l plate ttr(, shown in
tigttt'<' 6 divi(h'd 1Iv Ill<, vnh+l, girt,t1 llv tlal-1)lltt<,
theory with<tit< int(,ra('tion eff(,(.ts. Also sh(iwlt

ill'(' tb_, <,xp(,rhn(,ntttl av<,r+tgc ski/t-fri<_ti(m <'<>(,t]i-

('it,tits over lh<' litnilt'(I /'anv<' (if _ obtaint,<l by

K(,n(htll (rt,f. ll), using th(' Eim<,r-Nagamal+n

r<,sttlts as (Itc int, erartion-fr(,c (h,n(iminator (rt,f.

21). ']']n,rl_ is good agr<,cnl<,nl 1)<,lwt,(.n t])e

l_0t'trttln theory with llr(,ssttrt , ffra<li<,nl and i|w

l++e(,sst r<ing-intt,rlt('ti(in t lw(iry (<,(is. (I I ) at+<l (12)+

The <,Xl)(,ri|n<,nlal t'(,st£11s show r(,ason/tl)l(, .,,..q'(,(,-
lntqit with lit<+ l._(,es and l+_,<,t'Iramlll<,ories. Silt'It

('<)rr(qati<in l)elwetqt tlt(,orv and eXl)erinwnt, h(_xv-
ev(,r, ('armor b(, <'<insi(hq'e<[ It) b(, ('ottchtsiv(, iu

this <'t/s(' since son|<+ <+itlesti()n <<rise+ t_s t(_ l}t(, +<('-

<'Ill'It(') O[ the tiara. If the lot'al skin-fri<.iio|, <._l-

cfllcients In'<, tludtil)li('d by lh<, fa('l<ir 2. wlli,'N is

ltssmne({ t() give lh(, art,rage skitt-fl'i<'tiotL ('()cffi-

('it,tit, ('_,_+1{_ 1.07 fr<>m the Eim<,|'-Nag+tntlttsu

<*Xlliq'imettts wher(qls lh(,or(,lh'ally, for the n<+-

inte/'ttt'ti(tn ('as(', (_'xl_ is nl)l)rtlxinmttqy 1.315
(t'('f. 22). Tht' (+attse f()t' tlt<, <lis('t+('plttt<'\" ix

tm('xpllti/t('(l. In ad(liti(m, Itlthotigh th(' ittvi,sti-

gait(iris (if r(,f<,r(,n<'t,s I1 lin([ '21 w('re ('<)ntht(qt'(I
iu the slttu<> wind tt,mwl, the tn(,th()<ls of eva lt.tt ing
sl+:itt fri('t/ott wet'<+ (liff<,r<'ni+ This diff('t'<,li<+<, i_

cx])<'<'l<'[I it/lie +Ill <.hilt h)nal SOtll'('( ' ()[ (qT<II', tll(ntgqi

less in<liCit<ant <turn tl_(, dis(.r(,lllttw.v i_volv<,<|
nllov('.

Noninsulated plate. Th<, ('+is<' 11]"th(, //,)tfinsu-

la(e<l l)lale has not lie<q< invesliglil(+<l Its (,xtensive|y

lis lhlll of the insnlllle(I plllt<,. (+nlilillitiv('ly, it
i_ (,n.-+,ilv Seeli lhlii h('iilili 7 ihe l)lllle lil>()V(' ihl'

re<'ovei'.v l<,iii])erilltlr(_ will iil('l'<,+tse the l_(i/in(Inry-

l/ly(,r-int<Ttlcii<m eft'<,cls throuT,'h lhi<'k<qling <)f ih<,

ltOtili<llil'V lii.vei'> whol'elt_ tile i'(,v(q',,.4(, wilt Ii(, Iru(,

if i}ie i)]+tl(, ix <_oo]e<l ll<>l()u i'(,cov(,i'x l(qiip(,/'lillll'(,

|)e<'lillSe lira I)<)illi(hii'v lll)el' will 1)o t]iiiilied.

|il lr<,litnielil_ <)f lh(; inll,rn<'lion i)l'Ot)l('ln wheli

tieltl trlinsflT is i)i'<,>:>(,nl, ill<, wiill (t'n/t)t'rnlnre is

_(,iwrlilly c()iisi(l(,rl,(| (.onsl+inl. For lh<, w(,lii,;-

int<,rn('tioli (+li,,.4(,, [+l<q,s flit(| Pt'obsl ,ill 7i\'(' il >_o[n-

1i<)1i (/'(,f. l) iii(+hi(tili_ lit'lit ll'tin_f(q' [r()lii whi<'ti

(he in(tu(+<,(I-i)l'esstir(, (,ft'(,('t lililV I)(, <lbiain<,<l in

<'|ose<l forni ilS

with

[( (). Ill(it',(-- 1

( ,\'r,- l I ( 1 3 :_



10 'I'E(!ItNIUAI, REPORT I{-22 NATIONAL AER()NAITT](:S AND St'AUE AI)MINISTRATIOX

5.G -

Exp.

Kendall

M® =5.8

insulated plate

4.8 Theory

Bertrom with pressure gradient
Lees-Probstein second-order weok interaction
Lees first-order strong interaction

-- Pai- Shen i

0 2 4 6 8

FiGt:R_: 5. -'['heorie,_ for predictin_ the il_duccd-pressurc effect,_ (m :u_ il_ulated fl_d ])h_[c. "y 75.

I0



BOUNI)At{Y-LAYEI{, I)ISPI.ACEMENT EFFE(VI'S IN All{ AT MACH NITMBEH, S ()F 6.b; ANI) 9.6 11

6.6 r_

Experiment

o Kendall and Eimer-Nagamatsu,
M=5.8, insulated plate

Theory
Bertram with pressure gradient
Lees first-order strong interaction

.... Pai-Shen

............ Kuo

2.6

I
/

T

/
/

[ '
8 I0

]2 [(; V R],_ Ji. Theories for pr(,(li(ding 1he indueed-])r(tssure ell'eels (m h)(ml and nv('rag,' ._kin-fri(qion co-

elticienls for an insulated liar ])l'tte. 3 t 7/5.

For the slrong-interaclion region there are

several recent analyses of the effe(,! of heal trans-

fi,rwhen the wall lemperalure isinvariant, l,ees

(ref. 6) gives zm'oeth-ord('r reslllls wlwli the

heat lrallsfer is very large (wall l(,ml)eralure

near 0°) and Li and Nagamatsu (ref. 23) give
zeroeth-order results for a wide rang(, of wall

temperatures and 1' values of 1.4 and 1.67. These
results agree in regions wh(,rc the two may t)e

compared, evml though reference 23 makes the

considerably sinq)lifying assumplion lhat. U= 1 in
the linear formula for vis(.osity. I[owever, the

valm,s given in r(,fer_,nc(' 23 for the eo(,flldent
Itsed [o evalllate l]w _l_lll|Oll /ltllllbel" "H'(' Ioo

high hy a facto," of 2. The results of Pal and
Shmt (ref. 9), as me,ltioned l)reviously, apply

through lh(, weak-and strong-inlm'a('tion regimes.

EXPERIMENT

Pressure measurements in air at M==9.6.--

The prcssm'e dislril)ulions "_t. a Ma(,h number of
9.6 were ot)lained on a flat. plate in the three-
diniensional nozzle with heal lransfer from the

boundary layer to the plate sm'facc. The heat
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trimsft, r is it result of the short duration of tit(,

(q,s( ruu combin(.d with tilt, initi,dlv h)w flai-

l)bit(' lemperllture 0,])out room t('ntl)(,r_lturc) nn(|

the high stagnation (('tnl)_'rnttm, (+d)out I 600 ° R).

This llr_,ssm'(, tlistril)ution is shown i)l tigur(, 7,

logt,ther with th(, vnlut,s given by th(,orv for at1
insuhm,d fh_t t)blt(+ (from fig. 5). The m(,auut't+d

l)r('ssur(,_ 11t'(, ct)nsi(h, retblv ()v(,rt,stimat(,d l)v in-

_uhlt(,d-pbtle 111(,o1"5-. Th<, llressuri,s llr('s('ni(,d
lit'(' 1110_(" for N5 S(+(+(_,llt]s 11fl/'l' (h(_' stilrt of I: 1'1111

illttl lht, ti'111[l('l'llt111'('s f<)r lh(, SitillO tim<. ,if'('

shown in tigure _.

:'i_ n tits, nl)prt)xinmli<)n it. x,)tls d(.('i(h,d to

(.M<.t+IIIll, ,hi+ (+ll'(+ctof the tt+mllt+rnturt, grmli(,nt ttll(I

ht'al-( rllnsf(,r ('()n(lil h)ns on boundnry-llly(,r l lfick-
tu,ss inth,i)t,n(h,tltly of the pr('ssur('-gradi(,nt (ql'(,cts.

To this <'rid th(' ('hlq)nmn-llul)t,.,+in lh(,()rv 0'd. 24)
'+vn+ utilized with a fr(,(,-str(,_ml .Math numl)(,r of

!).(;. Th(, +('('on(l-d(,gr(,t, ('gmilhm sh()v,'n +it tlm

top of llg'urr ,",;x'+m<lal,_(,ll to r(1)rest,nt the t(,ml)(,ra-

lure (fist rilmti(1)) (th(' r('<'()v('rv l(,ml)(,ratur(, xxIb-;

ltrl)i(rarily m(,l(,vl(,d 1o 11(+nl)ou! 0.85 of the ._ttlgna-
ti())_ (('ml)(,r,llur(,). (?OmlmtUlions wtu'(, then (,u'-

ri(,d out to d(,termin(, (h(_ displa('entent l]fi('l,:n(,ss

It( the 15-, 30-, (10-, 'rod 10()-l)(,r(_(,n(-(.h())'([ points.
'l'h(, r('sults of th(,se (',d<'ulations 11rt, sh()wn in th(,

lw() h)w(,r plots of figure S. Tim ('()r/'(,(.tions to

(hi, insu|ate(l-p]llt(, r(,su]ts w(,r(, ol)tain(,(l :<imply
l)y m<><lifying tht, slol)(, of the boun(hu'y-lay(,r
(lisl)hmenwnt. thi(+l,m(,s,_ <mh,dllt(,,i f()r tim insulnl(,(l

fl_t plate, "is folhlws:

dY Y ¢1&,+++ 6,,,_", d ,-
d.r L [x

'/'/=_f_" d L

The ratios _L/_f ..... and ,t(8+/8f,+)/d(x/L) were ot)-

tain(,(| from tlm ($,q)man-Rub(,.-+i)| th(,ory, and

th(, valu(,_ for ,f_,,+/d: _ln(l 8L.+/'L were comput(_d

n<'('()r(ling to tlm th(,ot'y with l)r(,.'..+stu'<,gr+1<li(,nt ()f

52

24

-_oo

D_

1+6

.8

Exp. in. /:?:

Present tests [o 0.075x106 58

M_:9.6 I r_ .08t 40

iw_th heat transfer 1io .)OI 50

[ _ r ) I 0 5 5

Theory

i-- Bertram ,nsulated plate, /Woo=9.6
I-- --- Bertram w_th Chapman+Rubesin

temperature-gradient

correct)on (st 4]/_-- 9.6

/V_fp

0.58
.36

.29,26
,/

// , !

i

/

I

t

5-
/

/

i ./
+/

b

0 2 4 6 8 I0

1

+,/-57
l"l(;t'nE 7.- ('omparison of induced pressures on it ltat plat(: its given by theory and by exl)erilni,))ts itJ mr

211--9.6.

./
J

5/ 0
[1

t 0

[]

4

I

2xlO -3

lit
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0 .I .2 .5 .4 .5 .6 .7 .8 .9 t0
X

L

Fl(i ('Rt; _. -'_ I(',:l_ I I F('([ V.'U,I 1 J ('lll[)Ol'_t t,[l I'('S Oli l) ['(_SS[I I'(!

,':,.)d.l "_nd pr.dicti(>tl of (',h.lm_.,m-liubc._in theory for
tim t_,ml).r:dm', vffrcl on the dist)l:m(,m(mt lhickm,ss.
M :9.6.

roft'r(ql(te 2.

This correction lo the slol)(_ of the boundary-

layer (tist)l,wt,|m,.t t hM.mess on au insulated Ihtt

plate, resuh(,d in the pr('ss||re (listril)utio|l shown

i. tigm'. 7 as th(, dasl.,d lin(,. 'l'hc agr(,(,ment with

the (,Xl)(,rimcntal |'osults is surt)t'isiu_zly good. For
(.()mpariso|_ wilh the (.omput:dio.s that im'lude

heat Iransf(,r aml t('mperatm'o gradient, tim (,tl'e(,t

(1[ II ('l)llStlllll I"lli() Of \Vial 10 S11'('|1111 l['lllJ)('l'll, tlll'(_

was ('Oml)ut('d from tho ('hapmau-l{uhosin theory
hy usiug an al)l)roximat[,ly svor_lg(, l(,mp(,r, lure

ratio from ll., OXl)('rime.ls (7;/7',,_9). The

rosulting value of 5_,"_f,,_is sh()wl_ iz_ titre'(' ,u; it is

.<)1 _. :_v(,ra_(, v_d|w ,,f th(, ('han_(, i. th(, (lis-

t)h.'('m('ul (hi(,l<m,ss (lu(, lo h(,.H Irausf(,r lml, as

(,Xl)(,rl(,d, is/oo low . v.hw aim (hu._ wouhl .l.h,r-

oslimal(, the l)ressur(,s (m [he :lv(,ra_'(,. TI., heat

lrausG,r itself, ho',vev(,r, has much m()r(, off('('! on

I h(' I)r('ssur('s t ha_ I h(, Iota p(,rat ur('-gra(li('m t (,rm.

lu li_'ur_, 7 the data at tl., |owes| valm,s of

I,/_, N_ (hi_}wsl |{e\md(Is |mn|lwrs) alHWOa(.h the

haso lira, of zoro lWeSsm'(, dil1'orrn(.e _! a fast(,r r'_te

tha_ is prrdicle(l h.v l}.,ory. This is al)par_,utly

|if(' S_llll(' ])}|('11Ol11(q101_ _I'F, ',V_/_ ()])SOI'V('d in the

l'rim..l()n holimn tu.).'l ()u simil.r mod('ls (figs.
11, 12, and 14 of ref. 12) and ,,limim_to(t in lho

li.al t)l()ts of _h(, ).,limn-lm_m'l r(,sulls digs. 15 1o

lX of r('f. 12). Th(,r(, ('_n alq._r('utiy 1., au .iMcr

or (.v(,r l.'(,ssur(,, det)('u(li._z" (m t l_(. mom_tin_ aim

th(' shal)(' of the hack aud side .f lh(' maiM, :rod

tiguro 11 of r(d'er('m'(. 1:2 i_.li('_t(,s 1hal thor(' is tL

str(m_ l'h,y.ohls muni)(,r cll'(,('t. 'l'l.,so sigh, 'rod

base _,ll'e.ls al)l..ar to I)_, l)rOl._gat.(l l'.r large

,li_lam,os h.lh upslr(,am a.d lat('rall,,,

In the prose|H losls pl'(,ssur(, orilh'(,s v,or(, located

lul(,rallv al th(' middh, a,(t last stulio, on ih(, l)lat('

(s(,o fig. 4). Th(, r_,sulti._ l)|'.s_,.r(, dill'(,|'(.|('os arc

_howu iu tlgurc !) as a t'un('li(m of the local lateral
dislan(',' 1o Ill(, Ol'ifi(,(, uoiMim(,_4()mdizt,d with

n,SlWC! 1. h.'al lateral di_lam:c to the model ('(Ix('.

'l't.,ro i.q c(msith,rM)h, s(,Mler ill Ihc (Jala, nm('h o[

whivh is allrilmlabh_ Io the h)w pr(,ssuro Iwin_

me_tsur(,(I (about 1 mm of mercury) lml th(, ff('tleraJ

lr('n(] of . d(,('r('ase in pr(,ss{||'(, tls Ill(, m.(M e(tg(' is

af)l)ro'.'hed is (,vi(le._. Th(, d(,cr(,as(, in I)r('ssu|'(_
from the ('ouler to lh(, ou/(,rm.s( oriticc is ('(m-

sidvrahly larger for lh(' i'(,armosl, ,_('t of orifi(.os.
All the data from olific(,s ou or m,ar the moth,1

(:cni(,r lira, tmv(' h('eu included itt figure 7; thus
S()111(_'of the dat, a are from tim orifi(.(,s J)ol\v(,OlX 2,

and 4 i.,'h,'s from the leadiug edge (X loss than

about :2.5). This is the n,gi(m iu whivh th(, side

('[t'(,('ts discussed previously arc important, and
th('rtffor(, the results from this r(,gion may 1)0
SOlll("Wh}I| ill (.'l'l'OI'.
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Figure 10 presents the experimental results

,rigimdly given in figure 7; however, instead of

m()difyin_ the lh<,ory to a('('ou)it for heal Ira)|slot

and l(,mperature gradient, the theoretical incre-
m('nt in l)V(,ssure altributal)h, to heat transfer has

l)(,(,n a(hled (o the data for 31 9.6. The goo(l

agr(,(,ment of these data with the Leas, Pai-Shen,

and Bertram theories is notable, as is the correla-
tion with Kendall's data for 3/=5.8.

Real-gas effects.---In the ewdmttion ()f Math

mmfl)er and the other associated flow properties

of a gas it; is iml)ortant to (h,termine the effects
associate(] with actual gas ilows. In mosl super-

SOld(, wind tun|Ms it is sail|cleat t<) use th(' p(,)'fec!

gas law and assume that "f is ('ons(ant, At (he

high supply pressures and stagnation h,mp(,raiur<,s

a! which hypersonic tumMs are operaled these

assumptions, however, can be inwdidated.

An amilysis ()f the effect of varial)h' sp<'cifie

heats on it,, gas l)rOl)(,)lies has been given l)y

F ..... r,< iref 25) The equations gi.v(,n in referem'e_...t..,. ) . ).

25 have been (.oral)|ned with (])e Su(h(,rhm(I

f<)rmula (o delernlim, (he elf e('< ()f ealori(' iml)(,rf(,(.-

lions on parameters basic to the l)om_dar.v-layer
_malysis. The add|tiered assumption has l)e(,n

tlla(h" |hilt t]l(' st, atie t(qlll)(wallll'(' is Ill<it'll ]('ss

(ban (he stagmttion teml)eralure. For ill(, range

of slaffmHion temperature shown in figure 11

(l,000 ° R to 5,000 ° R), this assttnll)ti()l_ ('orre-

Sl)On(|s (o (he restriction that th(, static t(,mp(,ra-

l m'e be less than approximately 500 ° R. The

equalions whi('h descril)e (he curves in figure l l

art, given in al)l)endix B. For the l)r(,se)it tests

lhe slagmltion temi)erat m'e was close 1() l,(iO0 ° ]L

For a l)ressure rali<) of 30.Y.,10 -6 (see fig. l) the
Ma('h mmfl)er was found to be elos(, to .q.(i. The

Reynolds numl)ers conqmted for the e()n(litions at,

tiffs Ma(.h number w(,re (.,)rr(,<'led a(.(.or(ling I()
figur(: II with B/']_,,,,_2.1. In l}i(' l)]'es(-lH tests

the ('fleets of varial)h, gamma were no( large.

The question then arises as Io (he nla_lfiltt(l(, of

iml)(,rf(,ct-gas effects.

With the assumption that the Berthelot equa-

tion of state in vMal form is al)plical)le , equations
descril)ing imp('rfect-gas ell'eels have I)een tier|red

in al)l)en(lix B. In (,quation (BI i) the following
values wer(, then used: '/'_ 238.5 ° R, p_=547

lh/sq in. ahs (the wdues for air); To l,(i00 ° R,

p, 647 ll)/sq in. at)s, p.--0.0194 lb/s< 1 in. al)s

((,xperim(,]ltal vahlcs); 7'_ 82 ° R, 7--7/5 (as-

sumed vahles). The resulting staticMernl)erature

ratio given by equation (Bll) was f()und to 1)e

only one-half ()f 1 p(,ree)it grea((,r (hart wouh[ l)e

given 1)y tlw i(h,al-g.ts e<luation (p: pitT, _/--7/'5).

This ira,rouse is small compared with the 3.3-

p(,rc(,nt increase in this same t(,ml)erature I)aram-
(,t(,r imlica(ed by equation (B3) for the effect of

varial)le % Therefore imperfe(.t-gas effects wer(:

ignored in analyzing the data..

Drag measurements at M_=6.g.--The results

of total-drag nleasuremenls in coefficient fornl for

tw(> square wings and a series of (Mta wings are

presented in figure 12. Leading-e(lge t/tiekness

was (letermined for each wing fronl an examination

of the lea<ling edge through a calit)rated micro-

scope, rl'he pressure acting on the lea(ling edge

wag assumed to be given by the average bet wet,n

Cp,,..: am[ the average pressure coefficient over

the front half of a cylinder. The drag eoellicient,

given l)v the average pressure eoeffMenl (C_.t

=_(5/6)(_ ...... ) was sublracte(l from the total

drag c<)ellh-h,td for presentation in figure 12.
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4.8

Experiment
R

o Kendall 5.8 0.064 to .2:55x106

a Present tests ° 9.6 .075 to.llO

"Experiment with theoretical Chapman-Rubesin

temperature-gradient correction to insulated plate

Theory

Bertram with pressure gradient

Lees first-order strong interaction
Pai- Shen
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1,000 2,000 3,000 4,000 5,000
To, o#

J,'J(;u I{1_: I1, I']11"_'_'I ()f c:th)ric iml)('rrl'('til,,Hs (v:_r'i:d)h' "7!

on l{_'ynohl> nnml:,i,r, vis(,()sily <'(_(,lli('i(,nl, :_.11(I tim

Visl'Oll:-.-illlt,r:l('lioll l)_ll';llll('tl"l' ill ;Lil',

1;'or i}ie til,}ln wings (': ....... : ,¢,ilS ilS:41111/l,d it) viii')

I1.'4 iliv :_ltlliii'e (it' lhe Silll, o[ tile sl'niilli)l'x liligh'.

t:olhlwili_ Ill'l, Iln' eslinitile(| leluliiilz'-edge t[l'li 7

voel<|iuienls f 'l,.t ili lerliiS of i)l'Ojeul/,ll Will 7 til'l'il'

l>hll_ l()l.lli t_\ i llS_

I )ialnull(t >_.tq i(lli

_ltll:tl't, _.l(,, Igl,-_-Ia h- w,,d 7,
>lq'l i(lli

I
:2

[ )('h ;t ;I

1

I A. 1 I¢,, I ('

t', irl. ('Is,t

I). 11(11 It. 11(i(13_
• ()(12 . I1(1(15t7 i

_ . I

I
(I. (i(tl (t. Illllll_':,

I)()1 . I)0(ifiil
I)1)l . I)l)(I(12
(il)2 . I)l)l)lt2
(llil)_ . Ill)Oll[)

i

l"or tin' liUrlio'_e ;it hlul(|, thlit of del(,rnlinh_ 7

skin fri(.lion by iisi;,; whig> with il Vi,l'V low l)i'es-

Slll'(, drag, lhe S(llliii'e Will 7 wilii D-l)er('(,nt-Ilih.lc

diliin(in(| se('iiolis hild lin unlli,sil'liliiv }ligh [)i'(,ssure

([l'lig; llOW[.W(T, ltlis "Wilig Wii_ lhe only one for

whi('h Io('lil pl't,,_4111'l,s wiq'(, livnilal)ie (tile inve_li-

gllti(lli rel)(irle([ in r('[. 17). In lhe linlll] lilil-livsi:

lhe S(liilu'e Will_Z wilh welllze-,_lliil-w(qlge se('li()n_

wils hlllliperl,lll liv l/ ih'llg dill' tl) h'ndh_g-ellge lhick-

noss wlii('il wa._ lill()ill dotihh, lhe vllllle lhnl would

})(, olilliilie(I [()r iuvi_,id i)l'(,SSlll'(, (|l'ltg if lhl,

l('li(liillz'-i'(lg(' liti(.kncss ',v('i'(' lllill('iiSlelil (('#'-t,

--(/.lt0()3() ('()llil)lii'('(t with (',., VIIIIII'S IZi','l'il in

I)l'e('ed.l n_ tidih,).

l_'or llte s(tUiil'(, 'wiilg_ (ill ill(, hi t) ill' llg. 12) Ihe

Ih'lig ol)lliine(l t)v ll(l(lhig till' s}_ili fri('thnl, wilh

lhe (,]l'e(.l (it' lhl, _elt'-in_tuv('_l tJre_Ul'e grli(|ieni

in('lu(l(ql, 1()lhe llieoreti('lll hi,,'is('i(l t)i'essure (trlig

is generally ('loser lo lho eXl)erinil,nhlll )" d(,lel'-

niine([ drag llnln if llie (.hissi(.lll tlllll)llih, ..4kin

[Fi('lit)ll is fist,d. Tin, ll)lil} exllerilnellllll IIFtlg is

10 lo 3[/ I)l,l'('('lit ]iighlT ihlin is given I)v il (.tlliiltillli-

lion o[ (.hl._Si(,li| lllnlilllir skin [ri(.lion lllltt the

hivis(.h[ i)l'l,._Slll'(,-lll'lig ('(>l,tth'ienl. 'HilT(' ill'l' li

IA'i'('lil liililiV lllil,;.nliwli_ siill involved ill lhe i,tt'(,('ls

of ,,'is('(isity ml the iIl'll_ (if tllo retlr _lll'flwt,, ill-

cludhig lip, li'liilhig-('(lge, and (li,_l)]ll_'(,iii(,iil ef|'e('l_.

A('('orclhlg Ill l)l'e,_,_ur( , lli(,ilSlli'(,lilt,lll_ ()li ihe ('(,lll(,l'

line (>t' ihc s(ltliil'(, wiiig wilh (tililiiOll(L .,4(,(.1 iiili._ lil

Z(,l'() liligle ()t' ,tlln(.l,: dig. 4(li) i.if ret'. 17) ihe ilis-

lihi(.t,nielll et[/,('l Oil l li(, i'roiil _/ll't'li(.t,:4 (.li|i_t,_ lili

in('r(,iil(,nlll| in('r(,li.,.;(, in l)l'(,s_lii'(, (tl'll 7 (it' 11 per-

(,(qll: _io\vt,vtq', this il/(!l't,ll_t, i_ l)lU'lially ('ollll)ell-

sllle(| t)v Jill ili('l'(,lilelilil[ l[(,('l'lqlSi, i)t" lll)(/llt 4ti

l)el'('en/ hi I)i'l'._ill'l ' (h'li_ (i[ lln, l'l'ill' sui'[Iu'es ([lll,

Io ([i_l)lll('('inlqli liil(l irailing-edgl, sll_l(.I,: ett'e('is.

The I'esu|l is Jill indi('i/iell 2,_-li(,l'('enl ([t,('l'(,ll.,4(, in

})l'l.,S_lll'l, lh'aK front the theorcth.ll| i)l'ed.il'lioil.

An indi('llti()n o[ 1il) i,tt'_,[.l_ ()li iiu, _(lllill'l, whig

wilh iliv (li_lii/oli(l se(!li(tli, lit h,asl ill (111(, l{v)no|d_

lillliih(,l', ('Jill lie _(,(,li hi |igui'e 13(li) I'l'oni lili _)il-

flow slmlv ()f tlu' wing Slll'[li('(' lit li l{eynohl_

lll.lllil)(q" (If 1.2";'. 1()+i. '|'tie oil flow (m this win_
WiiS [:Xiliniln'([ I)v Illelili7 o[ l)[llh still and ill()lilili

])i('illri,s. 'File sigliili(.lllil eXlellt ot' li l) ell'el'Is

ii])])elil'_ lo lit, ('l)lithilq| lo llie i'('lil' surl'lt('(' lili(I

collsi_ls of ii rongli].v lrilniguhir region in(li(.iilive

of eLtiier il sii()('lc OF S('lilU'tiled IIow. Tim dlu'lc

lit'ellS ill'ill' lhe lea(lhig i'(|g(, (l[ ihe wings sii()_.Vli

in Ii_ul'es 13 alut 14 lu'e ctlusl,d. I)V the hilzh hl.lll{llili'

_]iOiil' ll(qlF the |eliding edge, which (tui('kly wil)i's

the (ill t'rolll l}lis regiOli.
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,010

,008

.006
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,2
I
_.004
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,002

Symbols denote experiment, CD,T-Co, t

Laminar CF without displacement effect
- Laminar CF with displacement effect

Laminar CF without displacement effect+ mviscid C0.
Laminar CF wffh displacement effect+ invisc_d Co, p '_"

ii

\

\

Theory, flat plate

----r--I- ] " r " " " r
l [ _ CD'p from pressure _ [ Shock-expansion

- _ _ I --r measurements at ,9=10 ° [ ]theory wave dragb l

:t: .... l .... I
.(3 1.6 2.4x106 0 .8 1.6 2.4x106

Reynolds number, f?

.006!

. Shock-expansion
.. theory wove droc

_, deg Wing

I
2

4
4-A
4-B
4-C

0 8 1.6 2.4 3.2 4.0 5.6x I0 6

Reynolds number, Rcr

],h,;1 _: 12. ]']xlmrinx,nl:tl and I]le(n'etie:d dr:t,_ t'o(,lliei_,nls of sqlmru- .u_d d('lla-l)[:ul-fornt \vin._s in :tit at

./1 ::6.8. Solid symhols (h'nole ([:tl:t obl:tin_'d in [nv:n" llozzle: (Ipt'll syntbuls dolloll" (htla obl:dned in
sl('e[ nuzzh'.
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(o)

i_ -_'i/_ill, illitl _iltli(lii_'ti llil, tl_lw l)llt'il<Hii<'ll()ll i_

_iil]ihir 1<) lhlit <)11 Ill( + <liiilli()il(l-_,_'ti()ii wilig, tht,

_;(,i)lirlili_lii i_ (.oii[iii(,_l t() It ('orl'('_l)_lil(lillgly -;iiiilil<,r

l)_)i'ti_)ii of lilt, ti'iiililig wiilff till. In ll(l(lilioii l<l

ttli_ ,_,lilirlllioll (or sll(l('l,;)It thi'('/'-(lili/('li_iltlilil

t'(lg(' Ih)w (qili I)(' _t'tql. ()li flit' i()wer _lll'film' Ill('

l'(,g'ii)ll (if lhl.l,t,-(LillllqlSi(lllill i,(tg(, fi(iw is (l_l,]iil(,lit(,([

I)v iht, high shl,lir whi_'h s(.riil)l)(,(| till, ()il fi'<ilit Ill(!

:atll'i'tt('¢ ill,Ill' lh(' si(ll' (!([gi's. ()It this Slll'fli<'t, Ill(,

lllllZi*' tlvit, tllis s('t'tlltliOt[ i.iL't'l)_ lltttl,tOS with the

Will 7 t'(lgl' i_ lillollt 2 °. ()li th(' iil)])t,l' _uJ'fli(.(, ii

i[isitit'l)lllw_' t+llll lit, st'I'll ti(I ('X|{'ll/I. f;li'tlior i]lt)olli't[
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than the area act, ually scrubbed clean. Tire total

area affected seenIs to make an 'ingle with the

wing side edge of about 3.5 ° . For both wings the

area significantly influenced I)y the tip flow is
small; however, the effects on (he tot, al drag may

b(, significant because of the indicated increase

in surface shear in the tip region.
At the bottom of figure 12 are the data, for the

fanfily of 2]_-percent-thick delta wings wit.h semi-

apex angles varying front 30 ° to 8 ° mM symmetri-

cal double-wedge set'thins. The theore.tieal skin-

frietion-coeffwient mlrves for these wings differ

from those presented for the square wings onh" in

their adapt ion to the dclia plan form, as shower in

appemlix C. The wave drag shown in the figure

for these delta wings is thai, given 1)y two-dimen-

sional shoek-exl)ansion tJteory for the streamwise

wing section (assmning the compensating pressur(,

effects on the front and rear wing surfaees dis-

cussed previously for" the square win_s). This

wave (h'ag has been added to the skin frictim_

with disp]accmen! (,fl'et't to obtain the (qn've coded

with shor! dashes in this tigurc. For lhc range of

s(miapex angles shown there is good correlation

of the ext)erimcntal (|a, la ovpr t,he entire range of

Reynohls mmfl)er (based on root chord). At the

lower Reynohls nunfl)ers (I:_<1.3_,_10 _) ih,,
them't,tical skin friction with disl)laeemcnt_ effect

1)lus lift' two-dimensional wave drag giv(,s "m
cx,'dh.m V,,l)r,,sentation of the data (wings 1, 2,

and 3) and is 20 to 30 percent higher than the

drag ot_tained by a coml_ination of the classical

skin h'i(qion and inviscid pressure drag. Above

lifts Revnohls number, however, then, is a pro-

gressive deparlure of the exl)erimcnlal dale from

the lamina,' theory. This result for R_>I.3X 106
is taken to be indicative of transitimt of the

boundary laver. The data for the square wings

in figure 12 indicate a similar trend at, the higher

Reynolds numl)ers. It, should 1)c noted that the

value of 1.3>(10 G for the Reynolds number based

on root chord corresponds to a different unit

Reynohls number for each wing. For delta wings

1, 2, and 3 this Reynolds number corresponds to

Reynolds numbers per inch of 0.30 X 10 _',0.24 }d 10_,

and 0.19 ){ 106, respectively.

Oil-flow studies of the delta wing (fig. 14) lmve

shown that the only devialions froln dislurl)an(.e-
fi'ee flow on the surface are manifested in the

region of the sting. The disturl)anee is indicaLed

by the dark, approximately triangular area earn-
hating from the point of the sting, where the oil

has been wiped fl'Oln t[le surface. Wing 1 (t----30 °)

shows very lilt le sting interference. (See fig.

14(a).) This wing and wings 2 an(l 3 had a very
narrow sting (0.091 t,o 0.092 inch). ]n contrast

the oil-flow photographs of wings 4-C and 4-B

(figs. 14(b) and 14(e)) show well-dr,lined regions

of sling interference. The wings of llw number 4

series had thicker stings (sec fig. 3) than wings 1,

2, and. 3. The n'sults for wings 4-A, 4-B, al(l

4-C in figure 12 indicate that, lit,, l)rcssurc fiehl

front the stings has only a sm'fll direct, intluenee

on tltc drag, even lhough tim length of sling

covering the reel them w_s varied from 0.43 of
lhe root chord down to 0.19 of the root. chord.

In view of the low l)rcssure drag of these airfoils,

this result_ is not surprising. For wing 4 C, which

was tested ht two nozzles with very nearly the

same test-se(:tion Math number, lhere was no

really significant difference between the data
el)rained in the two nozzh's. The data from t]),'

two nozzles is, in general, within the 1)and given

by the possil)h, error. (See s,,('tion enlitlcd
"Precision of ])ata.")

Compui,tiions were made lo deh','mine the effect,

that the sting would }rove if it, were assmned to

cause transition of the boundary layer. To

simplify matters, a. triangular ttat plate with zero

inclination to the stream was assunn,d, with

t.ransition parallel to lhe leading edge at various

fractions of the root chord, a. For COmlmrison

with the hypothet.i('al wing, the experimental
results from figure 12 for l}m delta wings are shown

in figure 15 with an assumed constant value of

pressure drag coetBcient, (0.00037) subtracted.
The curve for lransilion fixed a.t about 0.7 of the

root. chord fits the dat, a over _ considerable range

of Reynolds numbers. Because of the relatively

slnall increa.se in measured drag over the drag

pre(licted when c]assical ttal,-plate lamina.r-bound-

ary-layer t[teory is used, attributing the increase
to displacement, effects must be ('onsidered incon-

clusive. However, from figure 12 it. api)ears tha_

this increase ill (h'ag, for the lower Reynolds nmn-

1lets at. h,ast (,'ot_si(h,ring the thitmess of the

mounting sting and lhc lhickness of lhe 1)oumlary

layer), is caused I)y displae_enwut, effect. At

Resnolds numb,,rs gre_ter than at)out. 1.3X10 _

lhe drag is higher than can I,e aecoun.ted for by any
cause t)ut transition.
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_, aeg Wing (_1-

30 I 06
20 2 68
13 3 75
8 4 75
8 4-A .57
8 4--B 72
8 4-C .81

Laminar CF, T_ : _ R
[wMnout displacement effect)

0 .6 1.6 2.4 3.2 4.0 46 5.6×106
Reynolds number based on root chord

]"[(;vl_E 15. ('Oml).U'ison of ]amimtr and lurhuh,nl .-,l<in-frielioJz coefficients with uMn,rJm_ml,. I';xlwrinu,nial values
li.r(, l,lt:i] ,qraK h'unt which an eslimaied teadinlz-ud_u dra_ and ]n'('_,stu'e dra_ have been Slll)lra('ll,d. J/ :6.N ill
air. (}pen symbols dl,nole daNt ol>lained in slul,] nllzzll,; _olid symbols denote dala ohlained in ]nv;Lr nozzhx

(?ONCLUDING REMARK_

._ [ t'll_|l I'P III t'l |It$ I|l'l_ l)l',t',_t'li | od f(W l}Ol|lldlil'_ •-

htyt,r-inducvd pressure _r+Mienls on a fhll plate

in air_ita XhMl immlwr of 9.6aml forlhe drag

of lhinwings at_ Math mmdu,r of about 6.Suml

zero nnffh' of il|lild(, rI'll_' l)l'I'SSlll'(' nlOItSIII'(HI1PII[S

_tt u .Xhwh ,mmher of 9,6 wore ready iu the pn,smme
,,)f stlhslitntia[ heal Iran.-;fer frolll lilt! houndar 3"

}llvpr lo l}lo plate surface. 'l'he III_,'IISUFpd ])l'i'SSlll't"

<]istril>ution on the surfa<'e of the phlte wits pl•( `-

dicte(l with good llccuracy I)y a modilleati<m to

insulated-phlle (lisphlvenwnt, Iheory which Mlows

for the effect of the ]lt'tt| ll'llllsfel' lllld temln','nture

grmlient uhmg the surface ou the hmimhu'y-hwer

dist)hlcem,'nt t hickm'ss.

The lola, l drag '4f lhil, sqmu'e _lud ddla, wings

Wi|S lll('llSlll'('(] _lI i| llOlllilil|[ Mn(:h IiIIlllb('l' ()f (i.8

over it l'ellsonnl)ly wide ravlge of R%nohls llulntml's.

This lolu[ drag wits f_l/llld to lie gl'l'llter, hv as

llllll'h l/s ;gO |l(,ru('lllj lhllll Villi bl' expl'iiiled by

adding II classical vitille of hlniiunr skin friclion

to the eslinnitt,d pre._sure drag. 'l'lie ilifferene: _,

is, in geut, ra|, t,Xl.llu.int'd by lh(! _,ft'eui of boundllrv-

htx-t,l'-ilidtl6iXlil)l't!Ssllrt,s Oil.skia fric.i loll. ut [r l{eyn-
ohls illililbers libo,<e libollt 1.; / ;,{ JO" iili mhlil iouM

inclx'ilso hi skin fi'ietion wits lnt,ilSUl'l,d_ whieh is

•ltli'ibuled Io transition of lhe houiidliry layer.

l,.tx(ii.i,'.Y I1 t,;Sl,.'>, I).(III (JI,;N TE It,

._ _.TIONAI, AI"li_ONAUTIiIN ANI) )'d.l).'ll;l'; ._I)M1NII4"I'IIATIt)N_

[,AN(;I,tqY FII'H,I), VA., _\'ot'f'lnt*cl" l,';_ 1',1,;7.



APPENDIX A

LEADING-EDGE-THICKNESS EFFECTS

The question of the contribution of leading-edge

effecls to the measured pressures arises. Two
obvious factors which h'we to be evnluated are the

(characteristic) boundary-layer t ifiekness in eom-

pm'ison wifll the lending-edge thickness and the
me'm free path of the gas in comparison with tim

leading-edge thickness.
The assumption is made that this bou,dary-

layer thickness for the lamin,u' ease tony be repre-

sent ed by the simple ('qu_ltion

,/'

::: K.,I:I,,: (A l)

The Re,vnoh|s mmlber with radius of mu'v`atm'e of

the edge of the bound'u'y l'lyer as the eharneteristie,

length is then

, 4 " , a,,:

At the le`ading edge

Wilb a line_)r veh)Hty profile m_d 31- ,_ o, an

insula ted plan.e,

2

where C' is the eoefli('ient in the viscosily rehtl.ion

/x ,..t r _¢',_
_m. ca

or, to eliminat(_ the viscosity r,ttio ,as such, the

l)OWer law or Sutherbmd's law for viscosity m`ay

be used to give, wit.h hypersonic a I)proxim`ati(m

for the insulated plate atnd A_,_ = l,

C /T--l\ "-_ ..... , t+7 l\J'z
.....k 2)'T-- A!.z,_'-*::k 2)+ i 7--1, 2 3

2

where u_ is the exponent in the power lnw for vis-

cosity. Thus

I1,I1([

Of

l'r,+ " " _+"3I,/'v_+
1_', :fi'518 (Z21) ' lit (A2)

The qu<,stion of whelh<,r the lh,wit_g g`as ,,',+ill
1+

s(t the h'nding edge fully inq)erfl.etly, tw not

ttL all shouht 1)e answered, by the t£nudsen lX/lllllmr

•Vm,, w]fi('h is the rp.lio of the moh,md`ar mean

free tmth 1o the +'hat'n<,teristi<: length (in this case

t,he h,`ading-edge t,hivklwss) :

, ..... /,':+_t.+a++>+:t/
"'+"--ll, " 1"+

where l:,. is tlm lleytmlds t).utnl)t,r with mean ['ree

path. as l he dmr`acterislie length amt the slil)-th)w

regime is taken ,_s

100%A,v. %2

The fact th`at e(tuatiot+ (A1 i) does not represent

the boundary-l`ayer growth near the leading edge

is ignored t)t,c`attse for l)resetfl, pttrposes `all llm, l, is

desired is mt index of the 1)mmdary-hkvt'r-indu(_ed

effects on tim l)hltt'. Whether equutim_ (A2) eatt

give some idea of tlm reb_live magnit.ude of llw

}>oun<lary-l:_yer-induc(,,l Nl'o('ts and le,'_(ling-edgt'-

thickness ell'cots ('`an F,(.rh+q)s l)<, <h'('i<t<'d by r<'-

eottrse to tire `avttihdfle r(,l)orts of (,xl)erittt.,nt`al

work. The work of ]{el'[l'llllI (ref. 10), IG, n(l'tll

(ref. l l), and ]ltttmnilt m_d B.gdottofl' (rt,f. 1:+)is

useful in this regard. The rmlge of these t est.s is

21
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shown in the tat)h, beh)w:

J

Author i t{ef. 3/_o t?t,_ let
, i, r , I

lh,rtram ..... i I(} I 6. 9 i 625 , 370 to 1, ,((60
Kendall ............. 1[ 5. _ 260 L 14 to 47

I[anm,itt and Bogd(moff .... i 13 _ 1 I. $ i ;_, (RiO J !)-I(1 to -12, 500
Pr(,svnl tl,sl_ ............ __ i 11.4 ! 31 30(t

9. (i [ 900 i 38 1o 56

..... i

If, n c

I. 7 _O 0. 32 !0. (128 tO 0. 0052

19 I_)5. 5 0. B2 to 0. 18

3. 9 to{i. 07 0.02 to[).0004

:Lt io 16 0.38 toO. 26

l:or the experinlents of l(i,nd_a[1 (ref. 11), the

results of which are probably the best. 3'el obtained

in it(r, the combination of the large wdues of the

ratio II,.dRt shown in the table and a_ large

lCnu(lsm_ numt)(,r whidt is tq)lmrently well into

the slip-llow regime indicates thai. the leading-

edge-thickness effects should be small comptired

with the t)oundary-layer effects. 'l'h(_se datll did

n,,i show ,hi efre<:tof R, on surface pressure in the

nmge of R, of the investigation. In eontrasl, the
range of h,:: h, for P,ertram's t.esls ill air (ref. 10)

imti('ates that the leading-edge-thickness etl'ects

should rllnge from smnll to a nlagniludo al)proxi-

mutely e(luM to that of the boun(hu'y-]ayer effe(qs

lind the leading-edge thi(,kn(,ss is in g(,n(,ral in lhe

continuum regime. The results of pressure m(,as-

urements in refereni'e 10 show h,ad.ing-edgt,-

thickness effects over tire test range thul are (if

the order expected from ('onsideration of equati(m

(A2) of tim t)resonl paper.

llnnmlitt and Bogdonoff's t.est r'mlge in the
Princeton h(,lium tunnel (ref. 13) is indi('aied (in

the preceding tal)h,) to extt,m[ fronl a rogion in

which the I)oundary-hlyer-ind.ur.ed ett'ects m'e

a})out 3 limes the leading-edge-thickness effect.s

Io II region where the boundm'y-hlyer-indured

ett'e(!is m'e smidl rOmlmrt,d with the h,ading-edff(,-

thickness effects; howow,r, over the entire range

the leading ed.g(, is in (.ontinumn tlow. The

l)ressure dala of ref(,r(,nce 13 b(,m' out this pr(,dic-

(ion in lhnl, for vahws of the index ll,,Ul't less

titan npproximal,qy I).2, It,, pressure data ('or-

relate well when plmled againsl, the invis(.hl

tmrlmleter de,,'{. Signili('Imt deviation front rot'-
1'

I;,a g: fill'l[ lit.
rehition is lirst noted at 1", ==11.,),),
li>,.
R_:=0.9 lhl' lll('liSllr('d I)l'('SSill'( ' l'ises liro lib()llt.

t_wice lift' vlihtes given by lh(' oss(,nliMiv invis(!i([

l)ri,ssure (1.11iti ltl liie Silino vli|ue of x/t. Tim

d(,villlion frolil v(irrohltion is (,V(,li gi'(,_il(,l' lit,

_.ft"--- .

T]lo dliilt of Ill(, [)l'(,senl lest._ lil'e in lhe stiiiil,

region of slip flow for l}il, h,llding-(,dge thi('knos_

ilS K(,n(|lil]'s dalli, lin(| tiy oquation (A2) liie

visc()u._ etl'l'('l._ lii'l, still ll-li'gt'i" in conllmrison wiih

|('luting-edge-thickn(,._._ effects. The liresent re-

sulls lnIve viliuos of ilio rlilio 12_,_i:]7t whi(!h ill't! ilS

llii'g(_ lis liie ]li.l'gesl viillie eliCOUlitered hi liie

l'rinvoton iosls (ref. 13) fili([ lhe leading edge is

flu't.h(,r inlo Irii(, slili-tlow region. ],pa(lhig-edg(,

t't]'octs wotlld um tie expected ill lhe ])i'l,siiil|

('X|)Ol'illll'litS lt11([ IIO110 e(/llld I)e d(,tl,vil,d over the

lhniii,d rlllig(, (if 12_.



APPENDIX B

EFFECT OF VARIABLE 3' AND GASEOUS IMPERFECTIONS

The problem of ewduating the effect of ealoric

imperfections (wu'iabh, sp(,('iti(_ heats) nnly 1)e

gl'eatly siniplitied 173- colisi(lel'ilig ill(, siagnatioti

tempel'alure to })(' much larger than the static

tenlperature. In this case the analysis of refer-

enee 25 can be used in the following sinlplified

fOHll (perfeel gas hlw)

For the Mavh mlmbor,

') '3Y--J-'2*:1I_2= T2L" 7<,',

where 0 is the molecuhu' vii)rational eonstanL.

With the values of p_ and pn obtained experi-

mentally, the required temperature rat.io is giw'n

by

V] 0 c °''T° "-[ _' -
<'."t'{ -- o4_- H

,.= /
-_,, -- ,:r0_ l O {B2)

If an asterisk is used io signify the ratio of the in-

dicah'd parameter 1o l lw value of llial paralnetm'

when the ratio of specific })ell.ts y is taken as con-

stant, then the following l'ehltious lu'e obtained"

.11"_ 1

--lq 7---1- 7;_ 1)-t (B3)
"7

(,,:) E(,k).].- o<,,.
(B4)

(.), [(,._ = , << I +(B/7':. _ )
.u. Z, 7L '7;/i "4 f_/7',,] _oi (B5

lg* .......
' * '7; _' <B6)(#o>,_)) % _ _:" o:*

where H is the Sutherhul([ constant an(t T.,_ the

static temperature evahialed for constant %

The much use(l ('oeflh'i(,n) in the linear formula

for vis(.osit.y b(,eomes

, (T /7'u)*
C ==- _ (BT)

Equlltio)l (B7) is valid for all wall iemperailir('s.

The hypersonic intera.eiion paranle(er _ th(,n )7(,-

comes (for all wall (.(,nlperil.tures)

--, I _ iLt,_ m/_l)! ] "

x {Bs

By using 5,500 ° R for the value of the nioh, eu|ar

vibrational eonsta.nt 0 an(i -/=7/5, figure 11 wits

eonstru('ied from t]lesc equltlions. For the raitge

of s( agnation leniperatln'e shown (1,000 ° lo 5,000 °

R), the stlitic tenlp(,ratlir(, must }Te less than aboul

50() ° R for ex(_ell('til li.('('/li'a(_)'. 'I'h(_ Math liliill-

1)el's all (lie tel) of the figllre iil(liCilie lli(; al)proxi-

lllaLe linlilations at. iillet_i'ltl ttLilllpel'alllFes iInpose(l

by the assumptioil of low slalic temt)eralure.

Now, if the ratio of specific heats-/is assunied to

})e _1 COIISItlItlt, ii siniple solulion for ilnl)erfe(q-glls

effects may t)e ot)(ahw(t. The eqtntlion of Slllle for

it gllS kit moderate pl'eSSlU'eS, when only l|i(, t:ii'st

|WO |('rills ill II s(,/'i(,s Fe|)l'os(qlllii.ioli all'(' US('(I, is

p == p l _T+Hp)

where 1)' is known lls th(' seeon(l virilll (:o(,fti('h,n(. in

the ('x|)ltliSiOll llll(t l_) is lh(' gas eOllSlalll. The

different.illI eqlllitiOli for lili adial)ati(_ process, 1o

fill' same approximation, is (p. lg0 of I'Pf. 26)

9' 1,=7 t,.l+_dT'!
(B(.))

II' llel'lh(,lol's valu(, for ]l (p. 119 of r(,f. 26) is us(,(l :

-- ( 'r_2"
B-- 9 RT': 1 (77<

12s S'<- ---7_2-.I

23
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am(I -y is lajl.:(,l_ _s consl_lnt, the (,x,_('t solution of

eqtlnli()lt (ia;_.))is
or', sin(,e ill(' (h*vi_t/imls from the pevf(,('t g_js ave
_lssum(,d t_) 1)_, snmll,

_f -- ]

7;, \ p. :
27\7]'! p,.-\T_! I','[ "1'_ .:{!':'_ _ .27"y 1\7],1 _--\-_'_) p.

"- , /0 m

(B 1()) [l_,l 1 )



APPENDIX C

SKIN FRI('TION OF A FLAT-PLATE WING WITH DELTA PLAN FORM INCLUDING BOUNDARY-I, AYER
DISPLAUEM ENT EFFECT

]]I this appendix 't solutioz+ i_ dt,rivcd for the

sk.in friction with bomMat'y-layt,v disl)la('<,ntent_

Ht'cet on the ttat-phtte wing shown in sl,:eiHi 1.

Flow

, /#, ,\
\ C

i\\

l

c:

/
\ /

\\ /

\ ,/
\ /'

\\ :'

\\

\\

\

Skc_ (.h I.

The assmnpti(m is made that each li]++tm,nl in |ho

stream and ])omIdary laver over lhP win_z re-

mains unatl'e('ted by adja<'enl filaments, an<l thus

+hal ;my se(..tion of this win F may be treated its 11.

st,('lion of tin utlswept liar l)tate wilh th(, local

chord l.hl, stlmt,. Tht, average skin-fri(qi(+n coefll-

(:h,nt ft)t' the delta-plan-f<wm flat |)lilt(, is: lh(m,

9 +'or(?,._:=:(,'_, , ( ': ,]e

o+', it+ t('t'ms of the h+vp('t's()ttic i+tt(,t'a++lion pat'_tnl-

(,t(,t'+

+- ..... ¢{_ +|
(7'=47": _ ,+ +; _;, (( )

• c r

where _;- .I[++ a X"(',+¥'IL+ att(l x+._-ll+ +8!/( _¥II<.,.,

WHt'Ft', hi till'It, ]_,: and 17:_ arc lhe Revttohls lllllll-

l)ers based on local chord and ro()t chord, respc(,-

tivety, and (+ i+ th(, ('oeflicieut in the linear formul8

for vis¢:osil v.
--=

If (_, is the av_,ntge :Mn-fri(qion cot,tti&,ut ol)-

t,aitLe[l from classical Ihtt-plalc l>otmdary-ho+(,r

lheorv (in efft,(q, the ]{]ttsitls solution'), in (w(h,r to

simplify the solutiou the t'ollowillg re]atiotl_ are

llS%llllled :

( ;'_=b'_ ,+'2 (y>_) ((.;2)
(7

(;' :t i"'7 (_-<7.1 l(+:+)
¢'+,

The value 2,, is the nmt{] in_ point+ l)elwet'n e(ltm-

lions (('2) and (C3) wh(,v(, it can l)e shown that

1 4

\Vhet_ _>_-_,,, {,(luatiott (C2) can I)<, substituted

inlo equation ((_l) to o})lnin

• r ¢:Rcr _9,2

1('5}

t:r<)m al}pc, ndix l) ("{t. (DIS))"

XV})('I'O

(7,a:fi , {('6)
" _ l{c

\ li:

25
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Then equation (('5)is

¢ ;. a _ .,_, f_ ,/7
.... _x_'o _ -. ((!7)

(',. _ ' 37,_x'"'

whirh, Ul)On integration, |)(,conu,s

• (
('r.a 5 "' --a /

When _=<Xo equations (('2) aml (C3) can 1)e
substituted into equation (Oli to obtain

(-F A:-_-4_rr4 (J_o(.',X-9/2('X

I':-- i'-+ _¢?×-'_,t_+,_' "°_,-x-",l
iJ _ (. r I" "_c /

which is combined with equation (C6) and lhe
result is integrated to give

(_-.a 1 3 {6 b'

(;,._

'2L

nunllv,,r _ 1. A I)1O1 of the values of a.' is giv(,n in

figure 16.

7:,

75

!
0

.2
• 6

= 1.4

H r -_ ,,

O. 0.(183 10. 17
• 1769 5. 65
• 3846 2. 60

0. 1864
• 3531
• 8206

1. 524
4. 200

! 7 : 1.67

i

5. :¢(i
2. 83
I. 22
• (';56
.238

1 0 . 6831 1. 46

2. 0 " 1. 78 _. 562
[ .................

a FF(IIII :Lrl (,x/rttlll)lali(ul of the values Rivell it1 reference 23.

In the present case, for use with the delia-wing

rcmflts presenled in figure 12, the wings were as-

sumed to be insulated; thus #--0.68 for air and

_o=1.46. The maximum value of _, for the
delta wings used in the present exI)el'iments was

or, b 5" substituting o(tualion (C4) inlo e(luation

'9((,),

(;,: 1+:_ ,- (,,'L) :_-= .... a x,- ._ ("'Y_ <-0 (C10)
( 'v.', 2 10 "r -- "

Equation (('8] may also ln, written in terms of a'
Ilg

f;a 12 (,,,Z(i, (c1 )
(;',a 5

I

8

.6

4

The value of a' over a range of wall h,mp(,ra-

lure for both air and }wlimn may be obtained

from an i.tegration of tit(, resulls given in r(,fer-

ence 23. These values are given in the following

table, where T,_ is an arl)itrm T but constant wall

tempt,rature and 7'0 is the stagtmlion temperature

sin('e lit(, amdysis is based on a P,'andd number of

1, though as an approximation To can 1)robably

be taken as the recovery hunl)erature for Prandtl

7o

FI(;URE 16.--Vahws of th(' coefficient a' in lhe equation

for skin friction from viscous-interaction theory.
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about 0.35, so that equation (('10) with the third

term neglected was used, or

('_',_ 1_#- ('F.a_ 1_ I 1+ 1.02"X,. ) tC12)

The value of ,llc_:T ' was taken as 282 an(|
T f _

(v,a_l::_ as 1.64. lhc ._olution based on ('on-
sideratioll of a rev(,rs(, (h,lt_l wing was assumed to

hohl for a (h,l{a wing flyiHg point forward.



APPENDIX D

SKIN FRICTION OF A FLAT-PI, ATE DELTA WING WITH BOUNDARY-LAYER TRANSITION

This appemlix is concerm,d with all evaluation

of lhe skin friction on a tlat-l)hm, delta wing where

a portion of (tu, wing i_ covered ])y a turl)uh,nt

boumhu'v layer.

EF'FE(_TIVE CHORI)

The average skin-friction coefficient for at h)ngi-

tmlimd t,l(ql|en[ of ,_l [hl.t l)]l:tle may be written
1

(_,,cci_/,,- If a triangular tla! plate is being

c(msidered,'with dimensions a,_ shown in sketch 2,

r

i \.

1

</"

/

J : xx, C

// ',\,/

/,/ _\

Z . _ __ _ i

//

//

//

/

0

integrated to oblain

c,-\ 21_, l (D:0

For various vMm,,_ of /_, ('q,mti(m (1):Q gtve.a
resul(._ a,_ follows-

_t 7

¢r

2 O. 5625
3 .5785
4 .5862
5 . 5903
6 .5933
7 .5953

Consi(l(,r l_ow a t_riangular plate with a ctllOtlt.,

us shown in sk(,t('h 3. Th(: (,ffectivc (4_or(l in

this vase (whet(, the sldn-l'ri(:tion (:o(41ici(,n(. is l))is(,(l

- S -

- b

Ske(ch :2.

the vfl'ectiv(, ('hor(l for t)urposes of (h,termining

(h(, av(,r:lg(, sMn friction for (h(, (,ntir(, l)la((, i_

(h'lin('d _,<

(<j,, ,)7 - c ,i d,_ (!)1)
'r (}

E(Im_tio)l (!)I) may l)(' non(linw)l._iomdiz(,(l I)y

]('iting ._" ,%'b _n(l c' .('.c,,' and (h(, result is

c_ 2 ' ' (i)2)(c) d._"
c: L ,1,)

_im'(' _" :I--._" ('(lualion (1)2) may l)(' tea(lily

I

/'// i

CO //
/

/
i /

Ii //

//' x,

/

/ \x

\
\\

I
I

'\

xXx,X
x

\,
'\\

OCt

\
\

7" O .;

Skvl ('h ;].

O
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oft the au'ca <if th(, wit+,_ witll()m lhu, cutout),
whet+, ,,_2, is dI, fi11(,[l (Is

_ /bc ,_2/r_,, _, )t'_'cI'%l''"
-- t] I) l J;_

fri(.lioH of lh(, ('<).lF.l_'tc triaJ+,fftdar

follow.,-; (from (% (1)g)):

]<'c :+_ " (l

t+

()r, it( mmdim(,ttsiont+l form,

..... r i'5, 'b "1 q-2+: t / / " (,":)'_,+,_'_{ (,,')',++'d,_' +1)4>
t', 4 t_,/0 ,j_, ,,t+ J "

,'qtll_liluling llw vai'ialion of c with ._.into _,qmt-

(ion (1)4) yi(,hls

7 I "! ,,,, b ,."-!. d,U
1' r 4 , b,, \l'r ,]

+.l::,E++`+.' + (1)5)
(h +b+,) j

]+:qtmtiotl (1)5), Ul_(m int(,_rati(m, l_(,('(mt(,s

I77 !1 bo 1 t" , 1 %/ *2

( "+-- 11 "G:-:l_[b c, E(c'/)I ' -- '/ I'J+( --+i[)( +": )

(l)_i)

E(ttmtion (It(it is iltd(,t(,l'minatt, wtt(,tt ¢ e;

how(,v(,r, it is a sit,it,lilt, lmltl(q' to rt, int(,g('at(,

c(ttutlio(+, (1)5) with this t'(,slri('liott, aH({ lit+.' t'('Stl|l

Js

7 I[ ( "/7'-'(+/=4 ,,,+: I :+]J (1)7)

[,AMINAR SKIN FRI(!TION

lg+v lit(, fiat tIhltt's ('ousi(hw(,d iu the l+,t'('('('_lit+g
set'(ion at( (,tl't,<'liv(, ('hor(l wa_ (h,lilt(,<l it(stwt) a way

that th(' av(,r+tg'(, skin-fri('tio(t (,.(,tti('i(,lit for the,

(mlirc i>lal(' ('(mhl tw "+vt'itt_'u as

,U,,,

SKIN FRICTION I)UE TO TI_RBI_LENT BOUNI)ARY LAYER

The cutout lit+,(, is tmw assum(ql to rt,l)rt,s(,+,H,

instt,ad tt., lit+,(, along whi(']+ i(+,stantan(,o+,ts l_ouniI-

ary-hty(,r transiti(,n ()('('tit's. It, is furih,(,r assumt,d
that It'ansi(its (_<.cm's at a ('on,,-qar_l <listan<'(.

from tit(, h,a(ting (,(lg(, (_+_.f).

As a basis for (,st(mat(rig tit(, skit+` fri(.tiou in

thw triangttlar r(,gi(m with, lttt'l)tdct+,t flow, the

lllOllltqtlll]]ll ](iNS fOl' lhH' ]ltllliH+lJ" bou(t(larv lay(q"
tit th(, tra,l+,sit,iot+, lit+,(, is (,(lllntO<] t,o lht' moln<,ntum

]oss f(+,(, tlt(, ttH'l)tdt,nt l)(+,ut+,darv ht.v(,r at thu,

tr++,ttsilion lira,. For a fhll l)htt('+ lid.,++is (,(lttivah, nt

to a sinHtltan(,ous soltnion of tit(, (,(ttmtions for
th(, mom(,t+,ltml thi(.kncss. For th,c ]aminar

l)(+un(hu'y hirer tlt(, lnon+,t'ntul:tl lhi<'knt,s+ Ill(IV })<,

r(,l.'(,s(,n I(,(I hv

an<l for llw ttH'l)uh,nt l)otm(ha+,'y ht,v(,r,

(, _.. CA+,+,)+,,,t_,,,,
+

°'+=+ , (y2,+),+ (lilt(

whwr(, 3,r+. i_ tlt(, str(,amwi_(, (Its(an<'(, frot+,+, thc

(._(l(.uhtl(,(l start <if tlt(' lurhul(,tlt l).tm(hlrv lity'(,r

t+,t zt,ro thi('km,s+ to thu, point wh(q'e trattsitiot+,

o('t'.rs. Th(' form of ('(lUttti<)n (I) I I) was at'(+,rally
ohtain(,[( front (.(msi(h,ration (d' th(' lo('al sl<itt-

fri('li.n ('<)('lli<'i<'nl for is'huh,hi lh)w i(t l]w l'(>('m

,( -,f+

E(ltlatit+, _ DII)) and (I)11) g'iv[,s

\\'t,(,tt .-'2, +++td+,stilutio_ (if (,(ttmti(m (1)7 giv_,_

2+1 (1 It)('*" : " I ', Xtt --

(P+'' c,) " 3 :DS')

']'lw rat(() _)f tit(, sl,;it+ fri('ti(m for lh(, 1)late with

tit(, triangular ('tltout (wh('+,'(' the ('(lg('s of thw

cutout are liaralh,1 It> th(, It,atilt+,/(,(lg(,s) to Ill(, sl.:i(i

/tt

wht,rt' A/t+, i_ tit,t, lh,yt+,ohls nttnil)(,i + front, thl.
('t+,l(.ulnt(,<l sl_+,t't of tl., It(('hi(lent l_Ottl+,(larv tay(,r

al z(,r(+, thi(+ktt(,_+ to l}l(' l)(+,int wh<,r(, lrat_+itiort

o<'<.urs, ;+,tt(l I_:: is tit(, 1{(,y'n(d(Is nunt1_(q" l:.as<,(l <)+,i

r(+(+l-('hor(l l(,t+,gt h.

.\sst+,mil+,g tilat the tt'ver'tg(' tut'hnltq+,t skill
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friction may |)e represented by all equation of
tire form

1)
-X(_;,,,,,r0'= (_)l 7:i_/q (D14)

where q is ill(, vaht,, of _ obtained for the lurbuh,nt

t)om.lary layer. Then if the skin-fi'i('lion ('()(,fil-

l, lent is based on the lolal plan-form area of the

triangular fiat phtt e, subst it ut ion of equation (|) 13)

into equation 1I)14") yields

The skin-friction ('oetli(qent that can be attributed

to the area with tm'buh, nt_ boundary layer,

inch.ling lhe imagi.avy area detine(l by A/]r, is,

when based ()n the totql plan-form area of the

triangular tlat plat(..

D 25llr- (l--a) ll_,

[-.'1 m 1

_(_" ,,,,b D l--a) L(' "_
] m . q-- 1(all,. )J/_ .... _ 'l

ll_,

(D 1,5)

wher(, _ is a measur(, ()f Ill(, average chord in lhc

region bounded 1)v Ill(, lines for boundary-layer

transition. When equation 11)13) is substiluted

into lhis (,(luation the resl,ll is

l)(1--a) -I_, -- + !1 --,) J

_,_L _i III ((l]{cr) l/2 'Z-I-_-"_(1 a)lL,

The rivet'age skin-fri(.ti(m ('oefli('ienl for the tri-

angular tlat plate whi('h is alined with ill(, slream,
with the assumplions of t)om,hu'y-layer Iransition
thal have ht,en made, is

.I(;'::-_ ¢1l_, T " '

L(t m i. u r 7'tl r h, h nt

(D17)

wher,, F#'Fv is given l)y (,(tualion (I)9), (_.. ,,,,b by
equalion I)16) and _(_..,,,_ I)y equation (I)15).

EVALUATION ()F CONSTANTS

of equation (I)3) given here so that

4 .1 4 A

3 ,,p_._ 3_1l_
" (*r r

_,vtI(WO

1 ) /;-(ffi I+T,_ I

v 1
k

(D 1g)

A proper evaluation of Ill(, constants involved

is the ('rux in determining a('('uratc values for the

av(,rage skin-fri(.lion roeiticienl I)v this method.

The constant ,l in (,(tuation (])17) may I)e
evahmted from any of the a vaihd)h, lheories for

the laminar I)oundarvlayer. For lifts report, the

nwthod given in ref(,r(,lwe '2 for hypersoni(, th)w
over an insulated l)late with a Pran(Itl number

of 1 was arbitrarily chosen. Equation (15) of

referen('e 2 was, however, modified by the result

and 0/6 is tire ralio of the lllOlllellllllll thickness

of tile boundary layer to the iota] thickness of the

boundary layer (linear w,locity profih,). Values

of (0,/6)_ as a ftmclion of .1/_ ar(' given in r(,f(,r(,we

2 or th(,y ('an b(, ohlained from lhe al)l)roximalion

o_ o.3()_)s5

With the free-stream l('mperature T given in

°R, the Suthcrland constant _ has been taken its
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177 <, F for hypersonic Ma(,h nuinbers under

ordinary wind-tunnel ('onditions. For lower
supersonic Math nunlbers and for flight ('ondi-

tions, tile Sutherland constant niay be tak(,n as
19g ° F.

For the evaltlat, iol,i of the iurbuh, nt l}art (if the

skin friction, values nlust 1){, determined for C,

1). m, and q. To Ibis end Van l)riest's analysis

for the tm'buleB1 bom)dary laym" on a fiat plate

(ref. 27) was arbitrarily {,]iosmi; of {'ourse, 1]lere

are othwr turbulent boutula('y-l_ly(,r mmlyses which

couhl .s easily be utilized. The values of m _md

C were obtained 1)3 tittiug equation (1)19) in the

range of Reynohls numbers desired io the vahl(,s
of lo('al skin-fl'iction coeiti{'ieut oblitine{l from

e(lualion (6t_) of refel'ene{, 27. This equalion is

based on the power bBv fop viscosily; however, for

high temlieratures where th{, variation (>f {lynainic

viscosily with l('II11){'1"I11 liP(' (h'l)avts mark(,dly from
a poweP-law variation, it is a relatively simt}lc

matter to COtTect tile eXl)onei,it in the powel' law

according lo Suthwrhuld's vis{.ositv formula lo
ol)lllin

7'..I 72 + _/72
3 loI£_,, 12117,,,7,<.

o:= 9 .... (I)19)
7_w

- 1Ogle 7',_

Wil('('e w is ill(' {,xpltno(ll in the power ]sw ulid

T,o is the wall teniperalur[,. If the plate is

insulated and lhe Prandtl number is 1, equation

(D19) may be written as

log,0
w-=2 logm (1 +k) (D20)

Thl(, vahles of 1) and q inlro(hiced i(I equation

(I)14) ('Ill((lOt, i(,i this (!llS(', necessarily tie found

lo the ri,quh'ed lt(.(!u('lt(.y fi'onl ii,li intt.gralh)(l of

equlilion (I)12). Fo(" lhe I}('(,si,nL conlt)ullltions ,

("qiltltiOll (79) (or ('q. (77)) of l'('f(q'(i(,i(*(' 77 was

used 1o obtain vlilues to which equation (1)14) was

fitted ()VPI" the desired l',il(lgl, of Reynolds iitlllll)Pl'S.

A wdue must (,low I,it, assigned lo _. This

I'()lisll,il,il iS liciulil]y lt,ie rtilio (if lhi(_ efl'ectiv(, ('tiord

il,i ill(, l('ilingulal" J'(,gion wilil llu'buli,nl, bolin(iar3'-

hirer flow to (1--a)c,. {{'}l{'li a--- 0, Al:r will also

1)(' z('ro arid liio viilu(, of _ is thai. giv(,i,i by ('qua-

tioll 11)3) fop till' vahlo of , (=q) itivo|v{,(l. .4

valtl(' of 11.55 wits used fop _ il,i lli(, conlpullilio(is

for lhis I'(,porl, since thm llll'I)u]oill I)(llllidiirv Iil3'OP

lissuin(,d does (,i()I. sllil't wilh zero llli('ki,iess.

Thw i'(,nlilinlll}.y, (,onsLlil,ils use(I wet'0 llS follows:

=1 1.22, ()-=().125, ])--0.243, ##_ ,3.27, 7--3.03,

w:().S(i, and vll|ues (if _t lllid A% were assunit,d.

"Phi(, pr(,idu(,i, a]::, (thio li'nnsilion Reynohl,_ nuin-

})el') is (losign(ll(,(l tis /gT ill tigill'e 1,'3.
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